Some studies in the disintegration of laminar liquid jets in immiscible binary liquid systems by Khan, Shuaib Ahmad
Open Research Online
The Open University’s repository of research publications
and other research outputs
Some studies in the disintegration of laminar liquid jets
in immiscible binary liquid systems
Thesis
How to cite:
Khan, Shuaib Ahmad (1984). Some studies in the disintegration of laminar liquid jets in immiscible binary
liquid systems. MPhil thesis The Open University.
For guidance on citations see FAQs.
c© 1984 The Author
Version: Version of Record
Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.
oro.open.ac.uk
SOME STUDIES IN THE DISINTEGRATION OF LAMINAR LIQUID JETS IN
IMMISCIBLE BINARY LIQUID SYSTEMS
A t h e s i s  p r e s e n t e d  i n  p a r t i a l  f u l f i l m e n t  o f  t h e  r e q u i r e m e n t s  o f  
t h e  C.N.A.A f o r  t h e  D e g ree  o f  M a s t e r  o f  P h i l o s o p h y
By
SHUAIB AHMAD KHAN
Collaborating Establishments :
E n g i n e e r i n g  M ec han ics  
The Open U n i v e r s i t y  
W a l ton  H a l l  
M i l t o n  K e y n e s .
Peel Jones Copper Product Limited
Saltburn by the Sea
Cleveland
Sponsoring E s t a b l i s h m e n t
D e p a r t m e n t  o f  Chem. E n g g . 
T e e s s i d e  P o l y t e c h n i c  
M i d d l e s b r o u g h  
C l e v e l a n d .
OCTOBER 1984.
ProQ uest Number: 27777161
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent on the quality of the copy submitted.
in the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 27777161
Published by ProQuest LLC (2020). Copyright of the Dissertation is held by the Author.
Ail Rights Reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 - 1346
DEDICATION
This work i s  d e d ic a te d  in  p r a is e  o f  my d e a r e s t SHABOO J I ,
SOME STUDIES IN  TEE DISINTEGRATION OF LAMINAR LIQUID JETS
IN  IMMISCIBLE BINARY LIQUID SYSTEMS.
SHUAIB AHMAD KHAN
O ctober 1984.
ACKNOWLEDGEMENTS
I  w i s h  t o  e x p r e s s  my s i n c e r e  g r a t i t u d e  t o  Dr M M A n w a r ,  who 
d i r e c t e d  t h i s  r e s e a r c h  programme and o f f e r e d  c o n t i n u o u s  g u i d a n c e  
an d  e n c o u r a g e m e n t  d u r i n g  t h e  c o u r s e  o f  t h e  w o rk .  I  w oul d  a l s o  l i k e  
t o  t h a n k  Dr D W P r i t c h a r d  f o r  h i s  i n t e r e s t  a n d  h e l p  i n  t h i s  
p r o j e c t .
1 w i s h  t o  e x p r e s s  my s i n c e r e  t h a n k s  t o  Mr A B r i g h t  f o r  h i s  s u p ­
p o r t ,  i n t e r e s t  and c o o p e r a t i o n  d u r i n g  t h e  e x p e r i m e n t a l  work  o f  t h e  
p r o j e c t  a t  t h e  Open U n i v e r s i t y .
1 am g r a t e f u l  t o  Dr J  R W a l l s ,  He ad  o f  C h e m i c a l  E n g i n e e r i n g  
D e p a r t m e n t  f o r  p r o v i d i n g  l a b o r a t o r y  f a c i l i t i e s  f o r  t h e  e x p e r i m e n ­
t a l  work a t  t h e  T e e s s i d e  P o l y t e c h n i c .
My t h a n k s  a l s o  due t o  m e m b e r s  o f  t h e  s t a f f ,  t e c h n i c i a n s  a n d  my 
c o l l e a g u e s  f o r  t h e i r  c o o p e r a t i o n .
F i n a l l y  1 w o u l d  l i k e  t o  t h a n k  S i r a j  B h a i  f o r  p r o v i d i n g  a n  a c ­
c o m o d a t i o n  f o r  t h e  p e r i o d  o f  t h i s  w ork .
O c t o b e r  1984.  S A Khan
CONTENTS
Pg.No
ABSTRACT
1 . 0  INTRODUCTION
2 . 0  LITERATURE SURVEY
2 . 1  JET INSTABILITY AND BREAK-UP
2 . 2  LIQUID JET BREAK-UP LENGTH
2 . 3  EFFECT OF FORCED VIBRATION ON THE INSTABILTY AND BREAK-UP
2 . 4  DISCUSSION ON LITERATURE SURVEY
3 . 0  EXPERIMENTAL
3 . 1  APPARATUS AND PROCEDURE
3 . 1 . 1  VIBRATING UNIT
3 . 1 . 2  FLOW CONTROL UNIT
3 . 1 . 3  NOZZLES
3 . 1 . 3 . 1  HYPODERMIC NEEDLES
3 . 1 . 3 . 2  SPINNERETTES
3 . 1 . 4  PHOTOGRAPHIC UNIT
3 . 1 . 4 . 1  STILL PHOTOGRAPHY
3 . 1 . 4 . 2  VIDEO RECORDING
3 . 1 . 4 . 3  HIGH SPEED PHOTOGRAPHY
3 . 2  MEASUREMENT OF PHYSICAL PROPERTIES
3 . 2 . 1  MEASUREMENTS BY USING PLATINUM RING
3 . 2 . 2  MEASUREMENTS BY USING GLASS PLATE
4 . 0  RESULTS AND DISCUSSION
4 . 1  JET INSTABILITY CURVES
4 . 2  JET BREAK-UP AT HIGH FLOW RATES
4 . 2 . 1  EFFECT OF FORCED VIBRATION ON JET LENGTH
4 . 2 . 2  GROWTH RATE OF DISTURBANCE
4 . 2 . 3  PREDICTION OF THE JET LENGTH
4 . 2 . 4  CORRELATION OF DATA
4 . 3  JET BREAK-UP LENGTH AT LOW FLOW RATES
4 . 3 . 1  RESONANCE CORRECTION FACTOR
4 . 3 . 2  EFFECT OF THE APPLIED FREQUENCY ON DROP SIZE
4 . 3 . 3  EFFECT OF THE APPLIED AMPLITUDE ON DROP SIZE
5 . 0  CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK
5 . 1  CONCLUSIONS ~  ~
5 . 2  RECOMMENDATIONS FOR FUTURE WORK
1
3
6
6
30
42
48
51
51
51
53
59
59
60 
62 
62 
62 
63 
66
69
70
72
72
75
76
91
92 
98
111
121
131
131
133
133
134
C o n t .
NOMENCLATURE I 3 5
BIBLIOGRAPHY 138
APPENDIX 140
A l -  MINIMISATION PROGRAM LISTING 140
T i t l e  ; Some S t u d i e s  I n  The D i s i n t e g r a t i o n  o f  L a m in a r  L i q u i d  J e t s
I n  I m m i s c i b l e  B i n a r y  L i q u i d  S y s t e m s .
A u t h o r  : S h u a i b  Ahmad Khan.
ABSTRACT
Th e b r e a k u p  o f  a l i q u i d  j e t  i n  a n  i m m i s c i b l e  l i q u i d  h a s  b e e n  
i n v e s t i g a t e d .  The v a r i a t i o n  i n  t h e  j e t  b r e a k - u p  l e n g t h  was s t u d i e d  
t o  d e t e r m i n e  t h e  i n f l u e n c e  o f  v a r i o u s  p a r a m e t e r s  e . g .  a m p l i t u d e  
and  f r e q u e n c y  o f  t h e  a p p l i e d  v i b r a t i o n s .
To g e n e r a t e  e x p e r i m e n t a l  d a t a  a  r i g  was d e s i g n e d  an d  c o n s t r u c t e d .  
To m a i n t a i n  a  c o n s t a n t  f l o w  o f  t h e  d i s p e r s e d  p h a s e  t h r o u g h  t h e  
n o z z l e ,  a  number o f  t e c h n i q u e s  were t r i e d *  ^ c o m p r e s s e d  a i r  s y s t e m  
was f o u n d  t o  be t h e  m os t  s u i t a b l e  t o  d e v e l o p  a  c o n s t a n t  h e a d  f o r  
t h e  f l o w  a n d  no v a r i a t i o n  i n  t h e  f l o w  o f  a d i s p e r s e d  p h a s e  was 
o b s e r v e d  a f t e r  12 h o u r s .
I n i t i a l l y  e x p e r i m e n t s  w e r e  c o n d u c t e d  a t  a  h i g h  f l o w  r a t e  o f  t h e  
d i s p e r s e d  p h a s e  and t h e  v a r i a t i o n  i n  t h e  j e t  l e n g t h  was  m e a s u r e d  
u n d e r  t h e  i n f l u e n c e  o f  e x t e r n a l l y  a p p l i e d  v i b r a t i o n s .  I t  was f o u n d  
t h a t  a m p l i t u d e  and f r e q u e n c y  o f  t h e  a p p l i e d  v i b r a t i o n  i n f l u e n c e d  
t h e  j e t  b r e a k - u p  l e n g t h .  R a y l e i g h ' s  e q u a t i o n  was a p p l i e d  t o  c o r r e ­
l a t e  t h e  e x p e r i m e n t a l  d a t a .  I t  w a s  f o u n d  t h a t  t h e  a p p l i e d  
f r e q u e n c y  d o e s  n o t  e f f e c t  t h e  g r o w t h  r a t e  b u t  i t  d o es  i n f l u e n c e  
t h e  j e t  b r e a k - u p  l e n g t h .  Hence R a y l e i g h ' s  e q u a t i o n  was m o d i f i e d  t o  
a l l o w  f o r  t h i s  v a r i a t i o n .  The e r r o r  b e t w e e n  e x p e r i m e n t a l  a n d  
p r e d i c t e d  r e s u l t s  was found  to  be n o t  more t h a n  th e  d i f f e r e n c e  i n  
t h e  d r o p s ' z e s .  To e l i m i n a t e  t h i s  e r r o r ,  m i e a s u r e m e n t  t e c i a i i q u c  
p r e v i o u s l y  employed  ( s t i l l  p h o t o g r a p h y  ) was s u p p l e m e n t e d  w i t h  a
v . l d e o  t e c h n i q u e  a n d  t h e  j e t  l e n g t h  m e a s u r e m e n t s  were  o n l y  t a k e n  
when m o n o s i z e d  d r o p l e t s  we re  p r o d u c e d .
At  l o w  f l o w  r a t e s  i t  was fo u n d  e a s i e r  to  p r o d u c e  m o n o s i z e d  d r o p l ­
e t s ,  h e n c e  s u b s e q u e n t  m e a s u r e m e n t s  were  t a k e n  i n  t h i s  f l o w  r e g i o n .  
To c o r r e l a t e  e x p e r i m e n t a l  d a t a  R a y l e i g h ' s  e q u a t i o n  was f u r t h e r  
m o d i f i e d  t o  t a k e  i n t o  a c c o u n t  t h e  i n f l u e n c e  o f  a n a t u r a l  a n d  a n  
a p p l i e d  v i b r a t i o n .  T h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  a g r e e  w e l l  
w i t h i n  t h e  r a n g e  o f  e r r o r  + 0 . 3 0  mm
I t  was  f o u n d  t h a t  t h e  number  o f  m o n o s i z e d  d r o p l e t s  p r o d u c e d  were  
e q u a l  t o  t h e  a p p l i e d  f r e q u e n c y .  Any c h a n g e  i n  t h e  f r e q u e n c y  a l ­
t e r e d  t h e  d r o p s i z e  b e c a u s e  t h e  f l o w  r a t e  was c o n s t a n t .
1 . 0  INTRODUCTION
A k n o w l e d g e  o f  d r o p s i z e  and d r o p s i z e  d i s t r i b u t i o n  i s  o f  fu n d a m e n ­
t a l  i m p o r t a n c e  f o r  an  u n d e r s t a n d i n g  o f  t h e  h e a t  and m ass  t r a n s f e r  
c h a r a c t e r i s t i c s  i n  l i q u i d - l i q u i d  s y s t e m s .  The h e a t  and mass  t r a n s ­
f e r  r a t e s  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  i n t e r f a c i a l  a r e a  
c r e a t e d  i n  l i q u i d - l i q u i d  c o n t a c t o r s .  A n u m b e r  o f  t e c h n i q u e s  
( s t i r r e r  i n  t a n k ,  j e t  d i s i n t e g r a t i o n  i n  c o l u m n s  e t c . )  h a v e  b e e n  
u s e d  i n  t h e s e  c o n t a c t o r s  t o  b r i n g  t h e  two p h a s e s  t o g e t h e r .  F o r  an  
op t imum d e s i g n  o f  any c o n t a c t o r  i t  i s  d e s i r a b l e  t o  h a v e  a  k n o w l ­
e d g e  o f  t h e  e f f e c t  o f  v a r i o u s  p a r a m e t e r s  on t h e  i n t e r f a c i a l  a r e a  
c r e a t e d .
I n  t h e  p r e s e n t  w o r k  a  s t u d y  o f  t h e  d i s i n t e g r a t i o n  o f  l a m i n a r  
l i q u i d  j e t s  i n  i m m i s c i b l e  l i q u i d  s y s t e m s  has  b e e n  c a r r i e d  o u t  t o  
u n d e r s t a n d  t h e  e f f e c t  o f  v a r i o u s  p a r a m e t e r s  ( e . g .  n o z z l e  d i a m e t e r ,  
n o z z l e  v e l o c i t y  and p h y s i c a l  p r o p e r t i e s  o f  t h e  s y s t e m s )  on t h e  
r e s u l t a n t  d r o p s i z e s
When one l i q u i d  i s  i n j e c t e d  i n t o  a s e c o n d  i m m i s c i b l e  l i q u i d  a  j e t  
-IS fo rmed w h ich  a t t a i n s  a  l e n g t h ,  d e p e n d i n g  upon t h e  n o z z l e  d i a m e ­
t e r ,  n o z z l e  v e l o c i t y  and p h y s i c a l  p r o p e r t i e s  of  t h e  s y s t e m .
R a y l e i g h ( 3 )  s u g g e s t e d  t h a t  when th e  l e n g t h  o f  a l i q u i d  j e t  e x c e e d s  
t h e  c i r c u m f e r e n c e  o f  t h e  n o z z l e  , i t  becomes u n s t a b l e  and a  s t a n d ­
i n g  wave i s  roL'i.aHi a t  d ie  s u r  d i c e  of  t h e  j e t .  The a m p l i t u d e  o f  t h e  
wave grows e x p o n e n t i a l l y  and when i t  becomes e q u a l  t o  o r  g r e a t e r  
t h a n  t h e  r a d i u s  o f  t h e  j e t ,  t h e  j e t  b r e a k s - u p  i n t o  d r o p l e t s .  He
correlated the jet length with nozzle velocity and nozzle diameter
a s
A number  o f  p r e v i o u s  w o r k e r s ( 1 6 , 1 7 )  have d e v e l o p e d  c o r r e l a t i o n s  t o  
p r e d i c t  d r o p  d i a m e t e r  a s  a  f u n c t i o n  o f  t h e  j e t  d i a m e t e r .  I n  t h e i r  
c o r r e l a t i o n s  t h e y  assum ed  t h a t  t h e  j e t  d i a m e t e r  i s  e q u a l  t o  t h e  
n o z z l e  d i a m e t e r .
D a s ( 1 7 )  and Anwar e t  a l ( 2 5 )  r e p o r t e d  t h a t  t h e  j e t  d i a m e t e r  i s  a 
f u n c t i o n  o f  t h e  j e t  l e n g t h  and c a n n o t  a l w a y s  be t a k e n  a s  e q u a l  t o  
t h e  n o z z l e  d i a m e t e r .  They c o n c l u d e d  t h a t  d e p e n d i n g  u p o n  p h y s i c a l  
p r o p e r t i e s  o f  t h e  s y s t e m s  and n o z z l e  d i a m e t e r , t h e  j e t  c o u l d  e i t h e r  
e x p a n d  o r  c o n t r a c t  a n d  v a r i a t i o n  i n  t h e  j e t  d i a m e t e r  c o u l d  be  
e x p e c t e d  a l o n g  t h e  j e t  l e n g t h .  I n  o r d e r  t o  c a l c u l a t e  d r o p  s i z e  and 
i n t e r f a c i a l  a r e a  c r e a t e d  by t h e  d i s i n t e g r a t i o n  o f  l i q u i d  j e t  i t  i s  
e s s e n t i a l  t o  have a kno w led g e  o f  j e t  b r e a k - u p  l e n g t h .
The work o f  Anwar e t  a l .  ( 2 5 )  w as  e x t e n d e d  a n d  a n  e x p e r i m e n t a l  
p r o g r a m m e  was d e v i s e d  t o  o b t a i n  d a t a ,  t o  e n h a n c e  u n d e r s t a n d i n g  of  
t h e  e f f e c t  o f  v a r i o u s  p a r a m e t e r s  on t h e  j e t  b r e a k - u p  l e n g t h .  
E m p h a s i s  was g i v e n  t o  t h e  e f f e c t  o f  a m p l i t u d e  and f r e q u e n c y  of  
a p p l i e d  v i b r a t i o n s  on th e  j e t  b r e a k - u p  l e n g t h .  The s t i l l  p h o t o g ­
r a p h y  a n d  v i d e u g r a p h  i , l e c h n  i q u e s  were  a p p l i e d  t o  d e t e r m i n e  t h e  
j e t  b r e a k - u p  l e n g t h ,  j e t  d i a m e t e r  and d r o p  d i a m e t e r .
The R a y l e i g h  e q u a t i o n  was m o d i f i e d  t o  c o r r e l a t e  e x p e r i m e n t a l  d a t a  
a s s u m i n g  t h a t  a c o m p o s i t e  wave was  g e n e r a t e d  f r o m  n a t u r a l  a n d  
a p p l i e d  v i b r a t i o n s .  The a m p l i t u d e  o f  t h e  c o m p o s i t e  wave was r e ­
l a t e d  t o  t h e  a m p l i t u d e  o f  t h e  a p p l i e d  v i b r a t i o n .  I t  was  f o u n d  
e a s i e r  t o  c o r r e l a t e  d a t a  o b t a i n  a t  low f l o w r a t e s  t h a n  a t  h i g h e r  
f l o w r a t e s .
2.Ü LITERATURE SURVEY :
2 . 1  J e t  I n s t a b i l i t y  and b r e a k ­ up
The i n s t a b i l i t y  o f  a l a m i n a r  l i q u i d  j e t  h a s  b e e n  a  s u b j e c t  o f  
i n v e s t i g a t i o n  o v e r  t h e  l a s t  two c e n t u r i e s ,  b u t  o v e r  t h e  l a s t  two 
d e c a d e s  t h e  i n t e r e s t  h a s  m a r k e d l y  i n c r e a s e d  a n d  t h i s  h a s  b e e n  
r e f l e c t e d  i n  t h e  v a s t  i n c r e a s e  o f  t h e  number  of  p u b l i c a t i o n s .
I n  r e v i e w i n g  t h e  h i s t o r i c a l  e v o l u t i o n  o f  t h e  u n d e r s t a n d i n g  o f  t h e  
s u b j e c t  , t h e  w o r k  o f  S a v a r t  ( 1 )  was  t h e  f i r s t  i d e n t i f i a b l e  
c o n t r i b u t i o n .  He s t u d i e d  t h e  v e r t i c a l  l i q u i d  j e t  p r o d u c e d  f r o m  an  
o r i f i c e  i n t o  a i r  a n d  f o u n d  t h a t  t h e  l e n g t h  o f  l i q u i d  j e t  was  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  he ad  o f  t h e  l i q u i d  
i n  t h e  r e s e r v o i r  a n d  to  t h e  o r i f i c e  d i a m e t e r .  He a l s o  s u g g e s t e d  
t h a t  t h e  b r e a k - u p  o f  t h e  l i q u i d  j e t  was c a u s e d  by t h e  waves  on t h e  
j e t  s u r f a c e  a n d  c o n c l u d e d  t h a t  t h e  w a v e l e n g t h  o f  t h e s e  w a v e s  
i n c r e a s e d  a s  t h e  d i a m e t e r  o f  t h e  o r i f i c e  i n c r e a s e d .
The f i r s t  t h e o r e t i c a l  t r e a t m e n t  i n t o  j e t  i n s t a b i l i t y  was p r e s e n t e d  
by P l a t e a u ( 2 )  i n  1873.  He showed t h a t  a  c y l i n d e r  o f  l i q u i d  j e t  was 
u n s t a b l e  when i t s  l e n g t h  e x c e e d e d  i t s  c i r c u m f e r e n c e .  When t h e  
l e n g t h  o f  l i q u i d  j e t  e x c e e d s  i t s  c i r c u m f e r e n c e  , i t  ca n  be  d i v i d e d  
i n t o  two s p h e r e s  of  e q u a l  volume w i t h  an  ac co m p an y in g  d e c r e a s e  i n  
s u r f a c e  a r e a .  He h y p o t h e s i s e d  t h a t  a d i s t u r b a n c e  Lhac c a u s e s  t h e  
j e t  t o  b r e a k - u p  w o u l d  h a v e  a w a v e  l e n g t h  e q u a l  t o  i t s  
c i r c u m f e r e n c e .
R a y l e i g h ( 3 )  o b s e r v e d  t h a t  P l a t e a u ' s  t h e o r y  a l t h o u g h  I t  p r e d i c t e d  
t h e  o b s e r v e d  d e p e n d e n c e  o f  t h e  w a v e l e n g h  on th e  j e t  d i a m e t e r ,  t h e  
p r e d i c t e d  v a l u e s  o f  t h e  w a v e  l e n g t h  w e r e  g e n e r a l l y  l o w .  
R a y l e l g h O )  showed by c o n s i d e r i n g  t h e  e f f e c t  o f  r a d i i  o f  c u r v a t u r e  
o n  t h e  p r e s s u r e  i n  a c y l i n d e r  o f  l i q u i d ,  t h a t  i f  two n o d e s  on t h e  
s u r f a c e  a r e  f u r t h e r  a p a r t  t h a n  t h e  c i r c u m f e r e n c e  o f  t h e  c y l i n d e r  , 
t h e n  t h e  p r e s s u r e  w i l l  be g r e a t e r  a t  t h e  n o d e s  t h a n  b e t w e e n  t h e  
n o d e s  and t h e  wave w , l l  a m p l i f y  . g u t  i f  t h e  n o d e s  a r e  l e s s  t h a n  
C i r c u m f e r e n t i a l  d i s t a n c e  a p a r t  , t h e  p r e s s u r e  w i l l  be g r e a t e r  
b e t w e e n  t h e  n o d e s  t h a n  a t  t h e  n o d es  and t h e  wave w i l l  d i m i n i s h .
R a y l e i g h O )  c o n t r i b u t e d  t h e  f i r s t  q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e
s t a b i l i t y  m ech a n i sm  , b a s e d  on  t h e  s m a l l  p e r t u r b a t i o n  t h e o r y  .
T h i s  o u t l i n e s  t h e  a n a l y t i c a l  d e s c r i p t i o n  o f  t h e  t r a n s f o r m a t i o n
u n d e r g o n e  by t h e  c y l i n d r i c a l  l i q u i d  c o l u m n  wh en  i n f  i n i  t e s i m a l l y
d i s p l a c e d  f r o m  i t s  e q u i l i b r i u m  p o s i t i o n  . From p o t e n t i a l  e n e r g y
c o n s i d e r a t i o n s  he showed t h a t  t h e  c y l i n d e r  o f  l i q u i d  i n  vacuum and
u n d e r  t h e  i n f l u e n c e  o f  s u r f a c e  t e n s i o n  f o r c e s  a l o n e  i s  s t a b l e  w i t h
r e s p e c t  t o  a l l  c l a s s e s  o f  s m a l l  d i s t u r b a n c e s  a n d  t h e  e q u i l i b r i u m
c o n f i g u r a t i o n  i s  a l w a y s  u n s t a b l e  f o r  a  s y m m e t r i c a l  d i s t u r b a n c e  .
The e q u a t i o n  o f  t h e  s u r f a c e  o f  t h e  j e t  was  e x p r e s s e d  b y  t h e  
F o u r i e r  s e r i e s  :
CO
 ^ -  s  + ^ ^ 0  c o s ( n 0 )  c o s ( k z )
[ I J
W h e r e  r - R a d t a l  D i s t a n c e  , à - A m p l i t u d e  o f  d i s t u r b a n c e  , n -  
c i r u m f e r e n t i a l  wave n u m b e r . 6 - A n g u l a r  D i s t a n c e .  k - W a v e n u m b e r  o f  a 
j e t  s u r f a c e  d i s t u r b a n c e  and z - A x i a l  d i s t a n c e  f rom the  n o z z l e  t i p .
He co m pared  t h e  s u r f a c e  e n e r g y  o f  t h e  d i s t u r b e d  s u r f a c e  o f  t h e  
j s t  w i t h  t h a t  o f  a n  u n d i s t u r b e d  j e t  a n d  d e v e l o p e d  t h e  
^ ^ ^ ^ o w in g  e q u a t i o n  f o r  t h e  c a l c u l a t i o n  o f  t h e  p o t e n t i a l  e n e r g y  o f  
t h e  d i s t u r b e d  s u f a c e  o f  t h e  j e t  a s  :
Po = ^ 2_ ^ 2
Where n > 0
T h i s  e q u a t i o n  i n d i c a t e s  t h a t  t h e  p r o d u c t  o f  d i s t u r b a n c e  p e r i o d  and 
t h e  j e t  r a d i u s ( ka ) i s  a l w a y s  g r e a t e r  t h a n  z e r o  an d  a t  t h e  c o n d i ­
t i o n  when  n  ^  1 w h ic h  i s  t h e  c a s e  o f  n o n - s y m m e t r i c  d i s t u r b a n c e s  , 
e q u a t i o n  ( 2 )  shows t h a t  p o t e n t i a l  e n e r g y  ( P o ) i s  a l w a y s  p o s i t i v e  
a n d  h e n c e  t h e  s y s t e m  i s  s t a b l e  a n d  t h e  j e t  w i l l  n o t  b r e a k  * 
However i f  t h i s  i s  e q u a l  t o  z e r o  , w h ich  i s  t h e  c a s e  o f  s y m m e t r i c  
d i s t u r b a n c e s  t h e  p o t e n t i a l  e n e r g y  w i l l  be n e g a t i v e  [ f o r  ( k a )  < i j .  
The d i s t u r b a n c e  w i l l  grow and r e s u l t  i n  t h e  d i s i n t e g r a t i o n  o f  t h e  
j e t  i n t o  d r o p l e t s  .
R a y l e i g h ( 3 , 4 )  l a t e r  showed t h a t  t h e  r a t e  o f  i n c r e a s e  o f  t h e  a m p l i ­
t u d e  o f  t h e  d i s t u r b a n c e  on  t h e  s u r f a c e  o f  l i q u i d  j e t  i s
p r o p o r t i o n a l  to  e and an  e x p r e s s i o n  f o r  t h e  g r o w t h  r a t e  o f
s y m m e t r i c  d i s t u r b a n c e  i s  :
_2 _ iT 2 2
li -     [ka ( i - k  a )J 1 3 1
a "  I ^
Where B - l s  g r o w t h  r a t e  , an d  I ^ f k a )  a n d  I ^ ( k a )  a r e  t h e  m o d i f i e d
B e s s e l  f u n c t i o n  o f  t h e  f i r s t  k i n d  . The wave wh ich  h a s  t h e  maximum 
g r o w t h  r a t e  ca n  be i d e n t i f i e d  by m a x i m i z i n g  B w i t h  r e s p e c t  t o  
( k a )  i n  e q u a t i o n  3
B t a k e s  t h e  maximum v a l u e  f o r  0 < ka < 1 :
®(max) \ l   ^ , 3”  '   ^ 14]
P d
^ ( m a x )  c o r r e s p o n d i n g  t o
^ ( m a x )  ■ 4 . 5 0 8 d j
an d
( k a ) ( m a x )  = 0 . 6 9 6
The maximum w a v e l e n g t h  c a l c u l a t e d  by R a y l e i g h  was 50% g r e a t e r  t h a n  
t h e  v a l u e  p r e d i c t e d  by P l a t e a u  and  a g r e e s  w i t h  h i s  d a t a  f o r  w a t e r  
i n j e c t e d  i n t o  a i r  . For  t h e  c a s e  w h e re  t h e  v i s c o s i t y  o f  t h e  l i q u i d  
i n  t h e  j e t  was  v e r y  l a r g e  c o m p a r e d  w i t h  t h e  i n e r t i a  , h e ( 3 )  
p r o d u c e d  t h e  f o l l o w i n g  e q u a t i o n  ;
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W here  j u ^ - v i s c o s i t y  o f  t h e  j e t t i n g  l i q u i d  . H e (3 )  a l s o  s u g g e s t e d  a
m o d i f i c a t i o n  f o r  t h e  c a l c u l a t i o n  o f  t h e  g r o w t h  r a t e  o f  t h e  d i s t u r ­
b a n c e  on t h e  s u r f a c e  o f  a n  a i r  j e t  i n j e c t e d  i n t o  a  no n —v i s c o u s  
l i q u i d  w he re  t h e  v i s c o s i t y  and t h e  d e n s i t y  o f  t h e  j e t t i n g  l i q u i d  
c o u l d  be c o n s i d e r e d  e q u a l  t o  z e r o  a s  :
2 CT 2 2 K . ( k a )
B =    [ 1 - k  a  K k a )  [7]
P  c^
Where p ^ i s  t h e  d e n s i t y  o f  t h e  c o n t i n u o u s  p h a s e  a n d  K ^ ( k a )  a n d
( k a )  a r e  m o d i f i e d  B e s s e l  f u n c t i o n s  o f  t h e  s e c o n d  k i n d  , The wave 
l e n g t h  w h ich  m a x i m is e s  t h e  ab o v e  e q u a t i o n  i s  g i v e n  by :
(max)  “  G ' 4 8 d .
o r
k a ,  X = U.485(max)
W e b e r ( 7 )  i n  1931 u s e d  t h e  same b a s i s  a s  R a y l e i g h  f o r  w av e  g r o w t h  
a n d  by n e g l e c t i n g  t h e  i n e r t i a l  t e r m s  i n  t h e  e q u a t i o n  o f  m o t i o n  , 
o b t a i n e d  t h e  e q u a t i o n  :
2 i^d CT ?B +  ( --------— ) B =  - [  1 -k  a ] k  a [8]
P d  ^ 2 P d  a
and
(max)k m a x l  = 2 . 8 3  A a V l  1 +  — ----------- 1 19J
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Where CT and a a r e  t h e  s u r f a c e  t e n s i o n  and t h e  r a d i u s  o f  t h e  j e t
r e s p e c t i v e l y .  S o l v i n g  e q u a t i o n  ( 9 )  f o r  t h e  i n v i s c i d  i e t  A,  v
(max)
8 . 8 8 a  , f o r  a  v e r y  v i s c o u s  l i q u i d  t h e  wave l e n g t h  a p p r o a c h e s  
i n f i n i t y .  T hese  l i m i t i n g  r e s u l t s  a g r e e  r e a s o n a b l y  w i t h  R a y l e i g h ' s  
a n a l y s i s .
I n  19 3 5  T o m o t i k a ( 8 ) ,  a s  a r e s u l t  o f  a  d e t a i l e d  s t u d y  p r e s e n t e d  an  
e q u a t i o n  f o r  t h e  b r e a k - u p  o f  a l i q u i d  j e t  i n j e c t e d  i n t o  a  s e c o n d  
l i q u i d  . The e q u a t i o n  was b a s e d  on t h e  N a v i e r  S t o k e s  E q u a t i o n  f o r  
s m a l l  m o t i o n  i n  e a c h  p h a s e  , n e g l e c t i n g  t h e  i n e r t i a l  t e r m s .  He 
h i g h l i g h t e d  t h e  e f f e c t  o f  v i s c o s i t y  r a t i o  o f  t h e  two p h a s e s  on t h e  
j e t  b r e a k - u p  and n e g l e c t e d  t h e  e f f e c t  o f  t h e  v e l o c i t y  o f  t h e  j e t  . 
I n  h i s  d e v e l o p m e n t  o f  t h e  m a t h e m a t i c a l  mode l  , he  t o o k  t h e  same 
b a s i s  a s  R a y l e i g h  f o r  t h e  g r o w t h  r a t e  o f  s m a l l  d i s t u r b a n c e s  
( B a  e B t )
A g e n e r a l  e q u a t i o n  f o r  t h e  m o t i o n  w h ich  i s  s y m m e t r i c a l  a b o u t  t h e  
a x i s  ca n  be w r i t t e n  a s  ;
r b ^  1 b 1 A 2 b u
I":— + — r  ■— -  —  —  -  - - — ^ ID U =v.DD.U [ lOj7 7 “  ----------  ~ 2  ] Y . l j I
o t  r  oz o r  r  à r  oz r  c)z
Where v - K i n e m a t i c  v i s c o s i t y ,  y -  S t o k e s  S t r e a m  F u n c t i o n
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and
B = - " 2  -  “ “ “  + - " 2  i s  t h e  d i f f e r e n t i a l  o p e r a t o r
o r  r  d r  dz
E q u a t i o n  ( 1 0 )  c a n  be s i m p l i f i e d  a s  
[ D -  - 3 -  ]D y = 0  [ 1 1  j
S i n c e  (D -  — -  - g -  ) a n d  D a r e  c o m m u t a t i v e  o p e r a t o r s  , t h e  f u n c ­
t i o n  , y ,  c a n  be d i v i d e d  i n t o  two p a r t s .  S i n c e  he a s su m ed  t h a t  t h e
d i s t u r b a n c e  a r e  p r o p o r t i o n a l  t o  e ^ ^ '  a n d  e ^ ^ ^  t h e  S t r e a m  
F u n c t i o n  , y ,  i n  e q u a t i o n  ( 1 1 )  c a n  be w r i t t e n  a s  ; 
e BC +  I k z .
and
V2  = e +  i k z .
W h e re  k  was  r e l a t e d  t o  t h e  w a v e l e n g t h  o f  t h e  d i s t u r b a n c e  and i s  
e q u a l  t o  2 A /  A The s o l u t i o n  o f  t h e  e q u a t i o n  ( 1 1 )  was o b t a i n e d  
by a d d i n g  y^ and y a s  ;
y  = Vi +  Y2
= [ ( A ^ r l ^ ( k r )  +  B ^ r K ^ ( k r ) )
+ ( A ^ r l j C k ^ r )  +  [ i 2 j
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W h e r e  , a n d  a r e  t h e  a r b i t a r a r y  c o n s t a n t s  w h i c h  a r e
d e t e r m i n e d  by p h y s i c a l  c o n d i t i o n  a t  t h e  b o u n d a r y  o f  t h e  t w o  
p h a s e s .
The b o u n d a r y  c o n d i t i o n s  w h ich  ca n  be u s e d  t o  e v a l u a t e  c o n s t a n t s  
a r e  ;
[1]  T h e r e  i s  no s l i p  a t  t h e  s u r f a c e  o f  t h e  j e t
[2 J  The t a n g e n t i a l  s t r e s s  p a r a l l e l  t o  t h e  s u r f a c e  i s  c o n t i n u o u s
a t  t h e  s u r f a c e  o f  t h e  j e t .
[ 3 ]  The d i f f e r e n c e  i n  t h e  n o r m a l  s t r e s s  b e t w e e n  t h e  i n s i d e  and 
t h e  o u t s i d e  o f  t h e  j e t  i s  due t o  i n t e r f a c i a l  t e n s i o n .
On t h e  b a s i s  o f  t h e s e  t h r e e  b o u n d a r y  c o n d i t i o n s  t h e  r e s u l t a n t  
e q u a t i o n  f o r  t h e  c o n s t a n t s  was s u g g e s t e d  a s  ;
( k a )  -  I g ( k a ) +  _ i ^ ( k a ) j
^ / c a / c
/  c a /  c
+ B j [ 2 i k \ j  ( k a )  +  t - - -  K ^ ( k a ) ]  -  B^ [21 kk^K^ ( k ^ a ) ]
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W here  I ^ ( x )  a n d  K ^ ( x )  a r e  t h e  f i r s t  d e r i v a t i v e  o f  t h e  I ^ ( x )  and 
K ^(x )  r e s p e c t i v e l y .
T h e s e  c o n s t a n t s  w e % e v a l u a t e d  by  w r i t i n g  e q u a t i o n  ( 1 2 )  i n  t h e  
d e t e r m i n a n t  fo rm  a s  ;
I j C k a )  q ( k ^ a )  K ^ ( k a )  K ^ ( k j a )
k a l g ( k a )  k ^ a l j ^ ( k ^ a )  - k a K ^ ( k a )  - k ^ a K g ( k ^ a )
2 ^ ^ - k 2 l ^ ( k a )  k ^ ) I j ( k ^ a )  2 k + ^ ( k a )  ( k ^ +  k ' ^ ) I ^ k ' a
FI F2 F3 f 4
Where :
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F3 2k K (k a )  —----:--------K ^ ( k a )
1 X y i j  u
F4 = 2 k  k^ K ^ ( k ^ a )
A m o r e  c o n v e n i e n t  f o r m  o f  t h e  e q u a t i o n  ( 1 3 )  w a s  s u g g e s t e d  t o
r e c o g n i s e  t h e  i m p o r t a n c e  o f  t h e  i n d i v i d u a l  t e r m s ,  by e x p a n s i o n  o f  
t h e  d e t e r m i n a n t  and w i t h  c o n s i d e r a b l e  r e a r r a n g e m e n t .
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E q u a t i o n  ( 1 5 )  i s  a  g e n e r a l  e q u a t i o n  f o r  t h e  i n s t a b i l i t y  o f  a 
l i q u i d  j e t  o f  v i c o s i t y  ( ^ ^ )  a n d  d e n s i t y  ( p  ) i n j e c t e d  i n t o  a
c o n t i n u o u s  p h a s e  o f  v i s c o s i t y  ( y i^ )  and d e n s i t y  ( p ^ )  , a t  low
v e l o c i t y  and s u b j e c t  t o  a  s m a l l  s y m m e t r i c a l  d i s t u r b a n c e  a m p l i f i e d  
by t h e  i n t e r f a c i a l  t e n s i o n .
From e q u a t i o n  ( 1 4 )  i t  was p o s s i b l e  t o  d e d u c e  a l l  c l a s s i c a l  l i m i t ­
i n g  c a s e s  . For  exa m p le  ;
CASE 1.
Low v i s c o s i t y  j e t  i n  g a s e o u s  m ed ia  :
The c o n t i n u o u s  p h a s e  v i s c o s i t y  and d e n s i t y  t e r m s  c a n  be n e g l e c t e d  
i n  e q u a t i o n  ( 1 4 ) .  F o r  a  l o w  v i s c o s i t y  j e t  i t  c a n  f u r t h e r  be a s ­
sumed t h a t
B—
/ a
Hence e q u a t i o n  ( 1 4 )  s i m p l i f i e s  t o  ;
3 l ^ ( k a ) 7 l ^ ( k a )
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T h i s  e q u a t i o n  i s  i d e n t i c a l  t o  e q u a t i o n  ( 7 )  d e r i v e d  by R a y l e i g h  and 
t h e  w a v e l e n g t h  f o r  t h e  maximum g r o w t h  r a t e  c o r r e s p o n d s  t o  t h e
d i m e n s i o n l e s s  wave number k a ,  = 0 . 6 9 6
(max)
CASE 2.
H.igh v i s c o s i t y  l i q u i d  j e t  i n  g a s  :
Here  v i s c o s i t y  an d  d e n s i t y  t e r m s  o f  t h e  c o n t i n u o u s  p h a s e  c a n  be
n e g l e c t e d  and i t  i s  a s sum ed  t h a t  when u  /  u » 1  , k a ,  . b e c o m e s
/  n /  c (max)
s m a l l  and B e s s e l  f u n c t i o n  i n  t h e  e q u a t i o n  ( 1 4 )  c a n  be a p p r o x i m a t e d
a s  ;
I j C k i a )  -  k j i '
I , ( k a )
I j^ (k a )  — ka
and
I „ ( k a )  2
q ( k a )  -  - k i '
Upon s u b s t i t u t i n g  t h e s e  v a l u e s  i n  t h e  e q u a t i o n  ( 1 4 )  , t h e  r e s u l ­
t a n t  e q u a t i o n  becomes ;
19
B
Pd
3 [17
2 p d  '
T h i s  e q u a t i o n  i s  i d e n t i c a l  t o  W e b e r ' s  e q u a t i o n  ( 8 )  f o r  v i s c o u s  
l i q u i d  i n  g a s e s .
C h r i s t i a n s e n ( 9 )  d e r i v e d  an  e q u a t i o n  f o r  t h e  s t a b i l i t y  o f  a  n o n -  
v i s c o u s  l i q u i d  j e t  i n  a s e c o n d  n o n - v i s c o u s  l i q u i d _ ,  w h e r e  b o t h  
p h a s e s  h a v e  f i n i t e  d e n s i t i e s  . By t r e a t i n g  t h e  v e l o c i t y  p o t e n t i a l  
e q u a t i o n  o f  b o t h  d i s p e r s e d  and c o n t i n u o u s  p h a s e s  s i m u l t a n e o u s l y  , 
and a s s u m i n g  t h e  v e l o c i t y  c o n t i n u i t y  a t  t h e  i n t e r f a c e  , a n  e q u a ­
t i o n  f o r  t h e  g r o w t h  r a t e  was g i v e n  a s  ;
_ CT k a (  1 -  _
B -  - - 3 -   g - ( k a ) -
fPd ï-(k5)" +Pc K‘ (ka)j
T h i s  e q u a t i o n  i s  m o re  s u i t a b l e  f o r  l i q u i d - l i q u i d  s y s t e m s  a s  com­
p a r e d  t o  t h e  e q u a t i o n s  o f  R a y l e i g h  and Weber , b e c a u s e  t h e  e f f e c t  
of  t h e  d e n s i t i e s  o f  b o t h  t h e  p h a s e s  a r e  n o t  i g n o r e d  i n  t h e  d e r i v a ­
t i o n  f o r  t h e  c a l c u l a t i o n  o f  g r o w t h  r a t e  o f  d i s t u r b a n c e  on t h e  
s u r f a c e  o f  t h e  j e t .
The wave l e n g t h  t h a t  m a x i m is e s  ,B,  i s  a f u n c t i o n  o f  /  p  ) .  A
p l o t  o f  k a ^ ^ ^ ^ ^ a g a i n s t  (jo^  ^ ) i s  p r e s e n t e d  i n  F i g u r e  ( 1 ) .
Which i s  e m p h a s i z e d  i n  t h e  t r e a t m e n t  of  th e  r e s u l t  i n  t h e  p r e s e n t  
w o r k .  I n  t h e  d e v e l o p m e n t  o f  h i s  m o d e l  C h r i s t i a n s e n  t r i e d  t o
20
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e l i m i n a t e  t h e  s i m p l i f i n g  a s s u m p t i o n s  m a d e  b y  T o m o t i k a ( 8 ) ,  
T o m o t ik a  s a n a l y s i s  ca n  n o t  be a p p l i e d  t o  a  l i q u i d  j e t  b u t  o n l y  t o  
t h e  b r e a k - u p  o f  a  s t a g n a n t  t h r e a d  , b e c a u s e  t h e  i n e r t i a l  t e r m s  o f  
t h e  N a v i e r  S t o k e s  E q u a t i o n  were  n e g l e c t e d
M i d d l e m a n ( l O )  w ork ed  on t h e  s t a b i l i t y  o f  v i s c o e l a s t i c  l i q u i d  j e t s  
i n  a i r  a n d  t r i e d  t o  a n a l y s e  W e b e r ' s  t r e a t m e n t  . He r e p o r t e d  t h a t  
t h e  j e t  b r e a k - u p  l e n g t h  f o r  a v i s c o e l a s t i c  f l u i d  i s  s l i g h t l y  l e s s  
t h a n  t h a t  o f  a  N e w t o n i a n  f l u i d .  He i n d i c a t e d  t h a t  a l t h o u g h  t h e  
wave number  o f  a v i s c o e l a s t i c  j e t t i n g  f l u i d  was t h e  s am e  a s  t h a t  
o f  a N e w t o n i a n  j e t t i n g  f l u i d ,  t h e  g r o w t h  o f  d i s t u r b a n c e  was much 
h i g h e r  .
G o r e n ( l i )  s u g g e s t e d  an  a p p r o a c h  w h ic h  c a n  be em p lo y ed  t o  p r e d i c t  
t h e  ch a n g e  i n  t h e  d i m e n s i o n s  o f  t h e  wave a s  i t  g r o w s  on t h e  s u r ­
f a c e  o f  t h e  j e t  . H i s  d e r i v a t i o n  i n v o l v e s  two h y p o t h e s e s . F i r s t l y  
t h e  v o l u m e  o f  t h e  l i q u i d  b e t w e e n  tw o  n o d e s  i s  c o n s t a n t  a n d  
s e c o n d l y ,  t h e  maximum s u r f a c e  a r e a  i s  a c h i e v e d  a t  a l l  s t a g e s  o f  
d i s t u r b a n c e  g r o w t h  . On t h e  b a s i s  o f  t h e s e  a s s u m p t i o n s ,  he  e x — 
(-he f o r m a t i o n  o f  c y l i n d r i c a l  l i n k s  b e t w e e n  two p r i m a r y  
w a v e s .  A c o m p a r i s o n  of  t h e  t h e o r e t i c a l  wave s h a p e  an d  e x p e r i m e n t a l  
r e s u l t s  showed good a g r e e m e n t .
T a y l o r ( 1 2 )  was t h e  f i r s t  w o r k e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  
r e l a t i v e  v e l o c i t i e s  o f  t h e  two p h a s e s  on t h e  i n s t a b i l i t y  o f  a 
l i q u i d  j e t .  He c o n s i d e r e d  t h e  s y m m e t r i c  d i s t u r b a n c e s  a n d  l i io  
momentum b a l a n c e  and o b t a i n e d  an  e q u a t i o n  f o r  t h e  wave l e n g t h  and
22
g r o w t h  r a t e  o f  t h e  maximum d i s t u r b a n c e .  I n  h i s  t r e a t m e n t  h e  r e ­
p o r t e d  t h a t  t h e  g r o w t h  r a t e  o f  t h e  d i s t u r b a n c e  i s  a l s o  a  f u n c t i o n  
o f  t h e  c o n t i n u o u s  p h a s e ( g a s )  v e l o c i t y .  He n e g l e c t e d  t h e  e f f e c t  o f  
v i s c o s i t i e s  o f  t h e  p h a s e s  on t h e  i n s t a b i l i t y  o f  a  l i q u i d  j e t .
Ranz and D r e i e r ( 1 3 )  m o d i f i e d  T a y l o r ' s  a n a l y s i s  o f  t h e  i n s t a b i l i t y  
t o  i n c l u d e  t h e  e f f e c t  o f  v i s c o s i t i e s  o f  t h e  two p h a s e s .  I t  was 
a s sum ed  a l l  t h e  i n i t i a l  d i s t u r b a n c e s  w e r e  o f  t h e  sam e  m a g n i t u d e  
a n d  a n  e q u a t i o n  was  d e r i v e d  , t o  r e l a t e  t h e  wave l e n g t h  o f  t h e  
f a s t e s t  g ro w i n g  d i s t u r b a n c e  i n  t e r m s  o f  v i s c o c i t y  r a t i o  , d e n s i t y  
r a t i o  and d i m e n s i o n l e s s  v i s c o s i t y  n u m b e r .
L e v i c h ( 1 4 )  s t u d i e d  a  v i s c o u s  j e t  i n j e c t e d  i n t o  a  g a s  . The c o n ­
t i n u o u s  p h a s e  was  t r e a t e d  a s  a  p e r f e c t  f l u i d  h a v i n g  an  a v e r a g e  
g r o s s  v e l o c i t y  (Ug) , f a r  f rom t h e  j e t  s u r f a c e .  He o b t a i n e d  t h e  
f o l l o w i n g  e q u a t i o n  f o r  t h e  d i s t u r b a n c e  g r o w t h  r a t e  a s  a  f u n c t i o n  
o f  v e l o c i t y  (U g ) ;
Whe r e  :
ka
K - ( k l )  -  l n ~ 2 -
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He a l s o  r e l a t e d  t h e  v e l o c i t y  (Ug) w i t h  t h e  n o z z l e  v e l o c i t y  by  t h e  
e q u a t i o n  a s  ;
" n  -  "g  [ 2 0 ]
Where a ^  i s  t h e  n o z z l e  r a d i u s .
I t  i s  c l e a r  f r om  t h e  ab o v e  e q u a t i o n  t h a t  b o t h  g r o w t h  r a t e  ( B )  a n d  
w a v e n u m b e r  ( k a )  i n c r e a s e  w i t h  t h e  n o z z l e  v e l o c i t y .  I t  i s  a l s o  
e v i d e n t  t h a t  a t  a  v e r y  h i g h  v e l o c i t y  w h e n  ka  i s  g r e a t e r  t h a n  
u n i t y ,  t h e  i n s t a b i l i t y  on t h e  j e t  s u r f a c e  w i l l  be p r o d u c e d .  T h i s  
was c o n f i r m e d  by e x p e r i m e n t s  w h i c h  s u p p o r t  t h e  v e l o c i t y  t e r m s  
i n t r o d u c e d  i n  t h e  e q u a t i o n .
D e b y e  a n d  D a e n ( 1 5 )  c o n s i d e r e d  t h e  r e l a t i v e  v e l o c i t i e s  o f  t h e
p h a s e s  a n d  s u g g e s t e d  an  e q u a t i o n  f o r  t h e  i n s t a b i l i t y  o f  an  i n v i s -
c i d  l i q u i d  j e t  i n  a n o t h e r  i n v i s c i d  l i q u i d  . B u t  t h e i r  d e r i v a t i o n
i s  f o r  a s s y m m e t r i c  d i s t u r b a n c e s  on t h e  s u r f a c e  o f  t h e  j e t  whose 
a m p l i t u d e  i s  g i v e n  by ;
F u r t h e r  t h e y  as sumed t h a t  t h e  v i s c o s i t y  o f  b o t h  p h a s e s  i s  n e g l i  
g i b l e  and t h e i r  e q u a t i o n  f o r  t h e  g r o w t h  r a t e  i s  :
2  I , i ( k a )  K ( k a )
( O d ( B  -  I k U ^ )  - - - - - -  +  B .  -  k V  1 2 2 1
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M e i s t e r  a n d  S c h e e l e ( 1 6 )  a p p l i e d  T o m o t i k a ' s  a n a l y s i s  t o  c a l c u l a t e  
t h e  g r o w t h  r a t e  o f  a  d i s t u r b a n c e  on a  c y l i n d r i c a l  j e t  a n d  p r o ­
du ced  s o l u t i o n s  f o r  v a r i o u s  l i m i t i n g  c a s e s  ;
CASE 1 .
Low v i s c o s i t y  l i q u i d  j e t  i n  low v i s c o s i t y  l i q u i d  :
The v i s c o s i t y  t e r m s  o f  b o t h  t h e  l i q u i d s  i n  t h e  e q u a t i o n  ( 1 5 ) w e r e
n e g l e c t e d  and th e  e q u a t i o n  was s i m p l i f i e d  by a s s u m i n g  t h a t  k << k 
and k << k .
Hence
T h i s  e q u a t i o n  i s  i d e n t i c a l  t o  t h e  e q u a t i o n  d e r i v e d  by 
C h r i s t i a n s e n ( 9 )  f o r  n o n - v i s c o u s  l i q u i d s .  The m o s t  u n s t a b l e  wa ve  
l e n g t h  was p r e s e n t e d  a s  a f u n c t i o n  o f  t h e  d e n s i t y  r a t i o . T h e i r  
r e s u l t s  a r e  shown i n  F i g u r e  ( 1 )
25
CASE 2.
H igh  v i s c o s i t y  l i q u i d  j e t  i n  a g a s  ;
T h e  v i s c o s i t y  a n d  d e n s i t y  t e r m s  o f  t h e  c o n t i n u o u s  p h a s e  w e r e  
n e g l e c t e d .  The v i s c o s i t y  o f  a l i q u i d  j e t  i s  much g r e a t e r  t h a n  t h e  
g a s  .
Thus ;
/  yPc  ^ B e s s e l  f u n c t i o n s  w e r e  a p p r o x i m a t e d  a s
f o l l o w s  ;
-  - k : a  124j
I l ( k a )  ^
:  -k l  [25]
an d
l o ( k a )  2
T^TkE) -  -k ;  [26]
T h ese  s i m p l i f i c a t i o n s  g i v e s  t h e  e q u a t i o n  ( 1 5 )
[27]
E q u a t i o n  ( 2 7 )  i s  i d e n t i c a l  to  e q u a t i o n  ( 8 ) s u g g e s t e d  by Weber .
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CASE 3.
Hi gh  v i s c o s i t y  l i q u i d  j e t  I n  a  h i g h  v i s c o s i t y  l i q u i d  :
T h i s  s o l u t i o n  was a l s o  s t u d i e d  by T o m o t i k a .  H e r e  i t  w as  a s s u m e d  
t h a t  ;
A
[28]
and
V d
7 d
- - - - -  < < k^  129]
A p p l y i n g  t h e s e  two a s s u m p t i o n s  i n  e q u a t i o n  ( 1 5 )  , t h e  r e s u l t s  
o b t a i n e d  by T om ot ik a  ca n  be e x p r e s s e d  a s  ;
/ ( k a )  [30]
/  c
Where / ( k a )  i s  a c o m p l i c a t e d  f u n c t i o n  o f  a n d  t h e  v a r i o u s
B e s s e l  f u n c t i o n s .  S i n c e  / ( k a )  i s  a f u n c t i o n  o f  v i s c o s i t y  r a t i o  
and th e  wave number  ( k a )  i s  a f u n c t i o n  of  v i s c o s i t y  r a t i o  o f  t h e  
two p h a s e s .  A p l o t  o f  ( k a )  a g a i n s t  v i s c o s i t y  r a t i o  i s  p l o t t e d
27
i n  F i g u r e  ( 2 )  and t h u s  t h e  c o n t r o l l i n g  w a v e l e n g t h  c a n  be c a l c u ­
l a t e d  and t h e  g r o w t h  r a t e  o f  a  f a s t e s t  g r o w i n g  d i s t u r b a n c e  ca n  be 
w r i t t e n  a s  ;
B cr  . , . 2 2
(max) = ^ > / ( m a x )  [ 3 U
F u r t h e r ,  M e i s t e r  and S c h e e l e  a l s o  p r e d i c t e d  t h e  d i m e n s i o n l e s s  wave 
n u m b e r  f o r  t h e  m o s t  u n s t a b l e  d i s t u r b a n c e  f o r  a l l  l i q u i d  - l i q u i d  
s y s t e m s . [ a  summary i s  g i v e n  i n  T a b l e  ( 1 )]
D a s ( 1 7 )  a p p l i e d  t h i s  t r e a t m e n t  i n  h i s  t h e o r e t i c a l  a n a l y s i s  o f  t h e  
j e t  d i a m e t e r  and b r e a k - u p  l e n g t h .
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2 . 2  LIQUID JET BREAK-UP LENGTH
Th . 6  d i s x n t s g r a t x o n  o f  a l a m i n a r  l i q u i d  j a C  i n t o  d r o p l a t s  was  
s t u d i e d  by L ord  R a y l e i g h  ( 3 , 4 )  ,who p r e s e n t e d  an  a n a l y t i c a l  t r e a t ­
men t  o f  t h e  p h e n o m e n o n .  He s h o w e d  t h a t  a j e t  i s  a l w a y s  s t a b l e  
e x c e p t  when  t h e  d i s t u r b a n c e  was a s s y m m e t r i c  and had a  wave l e n g t h  
g r e a t e r  t h a n  t h e  c i r c u m f e r e n c e  o f  t h e  j e t .  He f u r t h e r  s h o w e d  t h a t  
t h e  mos t  u n s t a b l e  mode o c c u r e d  when t h e  wave l e n g t h  o f  t h e  d i s t u r ­
b a n c e  was 1 .4 3 5  t i m e s  t h e  c i r c u m f e r e n c e  o f  t h e  j e t .
I n  19 17  S m i t h  a n d  Moss  ( 1 8 )  i n v e s t i g a t e d  t h e  j e t t i n g  o f  v a r i o u s  
^ ^ ^ u i d s  i n t o  a i r  a n d  a l s o  a  m e r c u r y  j e t  i n t o  v a r i o u s  a q u e o u s  
s o l u t i o n s .  T h e i r  r e s u l t s  a r e  shown i n  F i g u r e  ( 3 ) . I n  a l l  c a s e s  , 
a f t e r  a  j e t  i s  fo r m ed  , i t s  l e n g t h  i n c r e a s e s  w i t h  a  s m a l l  i n c r e a s e  
i n  t h e  v e l o c i t y  (A -B  i n  F i g u r e  3 ) .  A f t e r  t h e  l o w e r  c r i t i c a l  
v e l o c i t y  p o i n t  ( p o i n t  B) , t h e  j e t  l e n g t h  i n c r e a s e s  l i n e a r l y  w i t h  
t h e  v e l o c i t y  ( B - C ) .  A f t e r  t h e  u p p e r  c r i t i c a l  v e l o c i t y  p o i n t  ( p o i n t  
C) , t h e  j e t  l e n g t h  f a l l s  v e r y  r a p i d l y  ( C - D )  , a n d  w i t h  f u r t h e r  
i n c r e a s e  i n  t h e  v e l o c i t y  , i t  was r e p o r t e d  t h a t  t h e  r a t e  o f  d e c ­
r e a s e  o f  t h e  j e t  l e n g t h  was s l o w  .
T h e y  a p p l i e d  R a y l e i g h ' s  i n s t a b i l i t y  t h e o r y  t o  p r e d i c t  t h e  v a r i a ­
t i o n  o f  t h e  j e t  l e n g t h  w i t h  t h e  j e t  v e l o c i t y  i n  t h e  l a m i n a r  r e g i o n  
(B-C)  . In  t h e i r  a n a l y s i s  t h e y  a s sum ed  t h e  v e l o c i t y  o f  t h e  j e t  and 
t h e  j e t  d i a m e t e r  were e q u a l  t o  t h e  n o z z l e  v e l o c i t y  and t h e  n o z z l e  
d i a m e t e r  . T hey  r e l a t e d  t h e  j e t  b r e a k - u p  l e n g t h  t o  t h e  n o z z l e  
r a d i u s  a s  ;
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U a 
T -  n nL -  - - -  I n - - —  [32]
oo
Where :
U ^ -  N o z z l e  v e l o c i t y ,  a ^ -  N o z z l e  r a d i u s ,  B -  G r o w t h  r a t e  an d  
^ o “  i n i t i a l  a m p l i t u d e  o f  t h e  d i s t u r b a n c e .
The e q u a t i o n  i s  b a s e d  on t h e  a s s u m p t i o n  t h a t  t h e  d i s t u r b a n c e  grows 
e x p o n e n t i a l l y  w i t h  t im e  and  a t  b r e a k - u p  p o i n t  , t h e  a m p l i t u d e  o f  
t h e  d i s t u r b a n c e  i s  e q u a l  t o  t h e  j e t  r a d i u s .
By s u b s t i t u t i n g  t h e  v a l u e s  o f  g r o w t h  r a t e  (B) f r om  e q u a t i o n  ( 4 )  ;
L _ r d ° n
D
Where ;
y
-  N o z z l e  d i a m e t e r  , -  D e n s i t y  o f  t h e  d i s p e r s e d  p h a s e  , 0 " -
S u r f a c e  t e n s i o n  and K^-  i s  a c o n s t a n t  , i n  t h e i r  a n a l y s i s  t h e y  
f i x e d  t h e  v a l u e  a s  1 3 .
T y l e r  and R i c h a r d s o n  ( 1 9 )  o b t a i n e d  e x p e r i m e n t a l  d a t a  f o r  t h e  j e t  
b r e a k - u p  l e n g t h  i n  t h e  l a m i n a i '  r e g i o n  (B -C  i n  F i g u r e  3 ) .  They 
c o r r e l a t e d  t h e i r  d a t a  u s i n g  th e  e q u a t i o n  o f  Smith  and Moss . T h ey
33
f o u n d  t h e  v a l u e  o f  a s  16 w h i c h  c o m p a r e s  w i t h  a  v a l u e  o f  13 
u s e d  by t h e  o r i g i n a l  a u t h o r s .
They s u g g e s t e d  t h a t  t h i s  v a r i a t i o n  was due t o  t h e  v a r i a t i o n  o f  t h e  
i n i t i a l  l e v e l  o f  d i s t u r b a n c e  w h ich  i s  a  f u n c t i o n  o f  t h e  i n d i v i d u a l  
n o z z l e .
They a l s o  p r o d u c e d  a c o r r e l a t i o n  f o r  p r e d i c t i n g  t h e  c r i t i c a l  v a l u e  
f o r  t h e  j e t  l e n g t h  and  t h e  j e t  v e l o c i t y . T h i s  c o r r e l a t i o n  i s  ;
“m V  "  3 . 5  +  730 — ---------  [ 3 4 J
De J u h a s z  e t  a l  ( 2 0 )  s t u d i e d  t h e  e f f e c t  o f  t h e  n o z z l e  d i a m e t e r  on 
t h e  j e t  b r e a k - u p  l e n g t h ,  and r e p o r t e d  t h a t  m o r e  r a n d o m  b r e a k - u p  
o c c u r e d  f o r  s m a l l  d i a m e t e r  n o z z l e s ,  and em ployed  R a y l e i g h ' s  i n ­
s t a b i l i t y  t h e o r y  , t o  c o r r e l a t e  t h e i r  d a t a .
T y l e r  and Watk.i .n(21) s t u d i e d  t h e  j e t t i n g  o f  l i q u i d s  i n t o  g a s e s  and 
i n  l i q u i d  m e d i a .  For  t h e  c a s e  o f  t h e  l i q u i d  j e t  i n  t h e  a i r ,  t h e y  
e m p l o y e d  e q u a t i o n  ( 3 3 )  t o  p r e d i c t  t h e  j e t  l e n g t h . T h e y  f o u n d  t h a t  
t h e  v a l u e  o f  t h e  c o n s t a n t  K^.  d e p e n d e d  on t h e  v i s c o s i t y  o f  t h e
d i s p e r s e d  p h a s e  v a r i e s  f rom 11 t o  15.
They m o d i f i e d  th e  e q u a t i o n  to  i n c l u d e  th e  e f f e c t  or th e  v i s e  o s  i  t y  
o f  t h e  j e t t i n g  l i q u i d  t o  p r e d i c t  t h e  j e t  l e n g t h as
34
n- 5-  = lO-G [ 1 + 40I 3 [35]
T h e y  w e r e  t h e  f i r s t  w o r k e r s  t o  o b s e r v e  t h a t  t h e  c o n t i n u o u s  p h a s e  
v i s c o s i t y  h a s  a  s i g n i f i c a n t  e f f e c t  on t h e  j e t  l e n g t h  a n d  r e p o r t e d  
t h e  i n j e c t e d  l i q u i d  i s  more v i s c o u s  t h a n  t h e  c o n t i n u o u s  
p h a s e  , t h e  j e t  i s  l o n g e r  t h a n  t h e  r e v e r s e d  c a s e .  T h ey  s u g g e s t e d  
t h a t  t h i s  e f f e c t  was due t o  t h e  more v i s c o u s  l i q u i d  a t  t h e  n o z z l e  
e x i t  c a u s i n g  a s m a l l e r  i n i t i a l  d i s t u r b a n c e .
They a l s o  c o r r e l a t e d  t h e  c r i t i c a l  v e l o c i t y  o f  t h e  j e t  a t  w h i c h  t h e  
j e t  l e n g t h  i s  maximum a s  ;
“ 3.0 + 1.6 136]
O h n e so r g e  ( 2 2 )  r e p o r t e d  l i q u i d  j e t  b r e a k - u p  i n  a i r  a n d  p l o t t e d  
r e s u l t s  i n  a .  s i m i l a r  f a s h i o n  t o  Sm i th  and Moss . He i d e n t i f i e d  
e a c h  r e g i o n  w i t h  t h e  f o l l o w i n g  e f f e c t  ;
[a ]  I n  r e g i o n  1.  (S y m m e t r i c  d i s t u r b a n c e s  p r e d o m i n a t e d )
[b] I n  r e g i o n  2 .  (N o n sy m m et r i c  d i s t u r b a n c e s  p r e d o m i n a t e d )
[ c ]  I n  r e g i o n  3 .  ( D e s t r u c t i v e  j e t t i n g  r e s u l t e d  f r o m  
p r e d o m i n a t i o n  o f  S h ea r  f o r c e s . )
He f u r L i i e r  f o u n d  t h a t  t h e  j e t  l e n g t h  was maximum a t  t h e  b o u n d a r y  
b e tw e en  th e  r e g i o n  1 a n d  2 ( c r i t i c a l  v e l o c i t y ) ,  a n d  d e r i v e d  an
35
e q u a t i o n  s i m i l a r  t o  S m i t h  a n d  Moss w h ich  r e l a t e d  t h e  p a r a m e t e r s
a s  ;
[ - - p p - - ]  = 1 4 . 2  [37]
r  " n  P d
Where and a r e  t h e  d e n s i t y  a n d  t h e  v i s c o s i t y  o f  t h e  d i s ­
p e r s e d  p h a s e  and -  i s  t h e  n o z z l e  v e l o c i t y .
H e r r i n g t o n  and R i c h a r d s o n  ( 2 3 )  s t u d i e d  t h e  j e t  b r e a k - u p  p r o c e s s  i n  
b o t h  l i q u i d  and a i r .  They n o t e d  two t y p e s  o f  d i s t u r b a n c e s  :
[1]  V a r i c o s e  d i s t u r b a n c e s
[2] S in u o u s  d i s t u r b a n c e s
They c o n s i d e r e d  t h a t  t h e  v a r i c o s e  d i s t u r b a n c e  was  c a u s e d  b y  t h e  
e f f e c t  o f  s u r f a c e  t e n s i o n  a n d  s i n u o u s  d i s t u r b a n c e s  c o u l d  be a t ­
t r i b u t e d  t o  s h e a r .  T h e s e  c o r r e s p o n d e d  t o  t h e  s y m m e t r i c  a n d  n o n  
s y m m e t r i c  d i s t u r b a n c e s  r e p o r t e d  by O h n e so r g e  ( 2 2 ) .  The g r o w t h  r a t e  
o f  t h e  v a r i c o s e  d i s t u r b a n c e  was c o n s i d e r e d  t o  be  i n d e p e n d e n t  o f  
t h e  v e l o c i t y  , w h i l s t  t h e  g r o w t h  o f  t h e  s i n u o u s  d i s t u r b a n c e  i n ­
c r e a s e d  r a p i d l y  w i t h  v e l o c i t y  and a c t s  a s  a  c o n t r o l l i n g  m ech an i sm  
f o r  b r e a k - u p .  They  c o r e l a t e d  t h e i r  d a t a  f o r  l i q u i d  j e t  i n  a i r  
u s i n g  e q u a t i o n  33 o f  Smith  and M oss .T hey  fo u n d  t h a t  t h e  v a l u e  f o r  
t h e  c o n s t a n t  i s  11 f o r  w a t e r  w hich  i s  i n  l i n e  w i t h  t h e  r e s u l t s  o f  
t h e  o t h e r  w o r k e r s  , b u t  f o r  t h e  l i q u i d  w i t h  50 cp  v i s c o s i t y  t h e  
v a l u e  o f  t h e  c o n s t a n t  was f o u n d  t o  be 21 a n d  f o r  a g l y c e r i n e
36
s o l u t i o n  w i t h  a v i s c o s i t y  o f  1000 cp , t h e  v a l u e  was 8 4 .  T h ese  two 
r e s u l t s  c o n t r a d i c t  t h e  f i n d i n g  o f  T y l e r  a n d  W a t k i n ( 2 1 )  w h i c h  
i n d i c a t e d  t h a t  t h e  v a l u e  o f  t h e  c o n s t a n t  s h o u l d  d e c r e a s e  w i t h  
i n c r e a s i n g  v i s c o s i t y .
F u j i n a w a  e t  a l  ( 2 4 )  e m p i r i c a l l y  c o r r e l a t e d  t h e  v e l o c i t y  a t  m a x i ­
mum j e t  l e n g t h  f o r  t h e  l i q u i d - l i q u i d  s y s t e m  a n d  c o n c l u d e d  t h e  
e f f e c t  o f  v i s c o s i t y  o f  b o t h  t h e  p h a s e s  and  o b t a i n e d  t h e  f o l l o w i n g  
e q u a t i o n  ;
^Re “  [ “ S” '  F  1 - ' - - - ] " “ *" [38]
T Re /  (
19000 . 3  r /^d . 0 . 4 2
Where -  N o z z l e  R ey n o ld  n u m b er .  Re
M e i s t e r  and S c h e e l e  ( 1 6 )  s t u d i e d  t h e  d i s i n t e g r a t i o n  o f  a  l a m i n a r  
l i q u i d  j e t  i n j e c t e d  i n t o  a n o t h e r  l i q u i d .  They f o u n d  t h a t  t h e  j e t  
c o n t r a c t s  d e p e n d i n g  on t h e  v i s c o s i t y  and d e n s i t y  o f  t h e  c o n t i n u o u s  
p h a s e .  T h ey  a t t e m p t e d  t o  a s c e r t a i n  t h e  e f f e c t  o f  c o n t r a c t i o n  on 
t h e  j e t  b r e a k - u p  l e n g t h  a n d  r e p o r t e d  t h a t  t h e  j e t  l e n g t h  w as  
i n d e p e n d e n t  o f  t h e  j e t  c o n t r a c t i o n .  In  t h e i r  t h e o r e t i c a l  t r e a t m e n t  
t h e y  c o n s i d e r e d  t h e  c a s e  whe re  t h e  j e t  c o n t r a c t s  t o  o n e  h a l f  o f  
i t s  n o z z l e  d i am e te r (m ax im u m  p o s s i b l e  c o n t r a c t i o n ) a n d  showed t h a t  ;
L = D , . , 3 / 2  l n ( U / 2 d  )n [ z J n u
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Where :
-  N o z z l e  d i a m e t e r  -  I n i t i a l  a m p l i t u d e  o f  t h e  d i s t u r b a n c e
I n  t h e i r  c a l c u l a t i o n  t h e y  u s e d  l n ( D ^ / & ^ )  = 6 .  a s  s u g g e s t e d  by 
m os t  o f  t h e  p r e v i o u s  w o r k e r s  ( 1 8 , 1 9 ) .  E x p e r i m e n t a l  v a l u e s  o f  L /D
n
a g a i n s t  R ey n o ld  number  (Re)  we re  p l o t t e d  a s  i n  F i g u r e  ( 4 ) .
They co m pared  t h e i r  p l o t t e d  r e s u l t s  w i t h  t h o s e  o f  S m i t h  a n d  Moss  
( F i g u r e  3 ) . I t  c a n  b e  s e e n  t h a t  i n  F i g u r e  4 ( M e i s t e r  a n d  
S c h e e l e ) , t h e y a  i s  a  s h a r p  i n c r e a s e  f rom  B-C . They s u g g e s t e d  t h a t  
t h e  a s s u m p t i o n  o f  a  f l a t  v e l o c i t y  p r o f i l e  i n  t h e  j e t  i s  o n l y  v a l i d  
f o r  a  l i q u i d  j e t  i n j e c t e d  i n t o  a i r  , a s  t h e  v i s c o s i t y  o f  t h e  a i r  
i s  n e g l i g i b l e  com par ed  w i t h  t h e  l i q u i d  p h a s e .  I n  t h e i r  c a l c u l a t i o n  
t h e y  a ssum ed  a  r a d i a l  v e l o c i t y  g r a d i e n t  i n  t h e  j e t  w h ich  g i v e s  t h e  
d i f f e r e n t  v a l u e s  o f  t h e  i n t e r f a c i a l  v e l o c i t i e s  a s  c o m p are d  t o  a  
j e t  i n  a i r  . The d i s t u r b a n c e  waves  w h ich  b r e a k - u p  t h e  j e t  g r o w  a t  
t h e  i n t e r f a c e  and a r e  a f f e c t e d  by t h e  i n t e r f a c i a l  v e l o c i t y .  T h es e  
waves  d e t e r m i n e  t h e  j e t  l e n g t h .
The e q u a t i o n  f o r  t h e  j e t  l e n g t h  , n e g l e c t i n g  t h e  j e t  c o n t r a c t i o n  
was g i v e n  a s  ;
a
I n  [ - - - - ]  = -  - - -  b z  [ 4 0 j
oo
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w h e re  -  i s  t h e  a v e r a g e  v e l o c i t y  o f  t h e  j e t  a n d  -  i s  t h e  
i n t e r f a c i a l  v e l o c i t y  and t h e  r a t i o  o f  t h e  two i s  g i v e n  by ;
_ I"I [ 1 + e  /^c J [ 1 — e r  c ] [41]
Where A and B a r e  t h e  c o n s t a n t s  ,Z^ -  i s  t h e  d i s t a n c e  b e t w e e n  t h e
two a d j a c e n t  n o d e s .
T h e y  a l s o  s u g g e s t e d  t h a t  t h e  v a l u e  o f  t h e  i n t e r f a c i a l  v e l o c i t y  i s  
z e r o  a t  t h e  n o z z l e  e x i t  a n d  i n c r e a s e s  r a p i d l y  o v e r  a  s h o r t  
d i s t a n c e .  They s o l v e d  t h e  i n t e g r a l  i n  e q u a t i o n  40 g r a p h i c a l l y  an d  
c a l c u l a t e d  t h e  a v e r a g e  v a l u e  f o r  (U ^ /U ^^ ave shown i n  F i g u r e  ( 5 )
U s i n g  t h i s  a v e r a g e  v a l u e  o f  t h e  r a t i o  (U^/U ^)  e q u a t i o n  40 c a n  be 
w r i t t e n  a s  ;
L — ---------—-----------  0—  [42]
Anwar e t  a l  ( 2 5 )  s t u d i e d  t h e  v a r i a t i o n  o f  t h e  j e t  d i a m e t e r  a n d  
v e l o c i t y  i n  t h e  a x i a l  d i r e c t i o n  o f  t h e  l a m i n a r  l i q u i d  j e t  i n j e c t e d  
i n t o  a n o t h e r  l i q u i d .  They u s e d  t h e  c o n t i n u o u s  p h a s e  o f  v i s c o s i t y  
v a r y i n g  f r o m  1 . 5  t o  28 c p .  A s i m p l e  s o l u t i o n  to  t h e  s i m u l t a n e o u s  
e q u a t i o n  o f  m o t i o n  f o r  d i s p e r s e d  a n d  c o n t i n u o u s  p h a s e s  was  em p­
l o y e d  t o  p r e d i c t  the  j e t  d i a m e t e r ,  a s  ;
40
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2
(D P )  j - - [ ---------    ] = +  - ^ ^ ----------------  [1 -  j^] [ 4 3 ]
6 a  a
(CP) % L _ [ 4 L ( : _ : i ) _ ( : _ ± 5 ) _ ]  ^  [1 -  [ 4 4 j
30a a r d
Where (+ )  and ( - )  s i g n s  c o r r e s p o n d  t o  a j e t  i n j e c t e d  d o w n w a r d  o r  
u p w a r d  DP a n d  CP i n d i c a t e s  t h e  d i s p e r s e d  a n d  c o n t i n u o u s  p h a s e  
r e s p e c t i v e l y .
R ï^dN . ,  - B u o y a n c y  p a r a m e t e r  = - — - ( I - ------- )
^ c
2F r ,  -  F r o u d e  Number = U / 2 a  g
n n
2(f> -  V a r i a b l e  d e f i n e d  by a
y -  V a r i a b l e  d e f i n e d  by 6 / a
A s o l u t i o n  f o r  ^ , IjJ and a  a s  a  f u n c t i o n  o f  d i m e n s i o n l e s s  d i s ­
t a n c e  z f r o m  t h e  n o z z l e  e x i t  was  p r e s e n t e d .  T h e y  t o o k  i n t o  
a c c o u n t  g r a v i t y  , i n t e r f a c i a l  t e n s i o n  , and v i s c o u s  s h e a r  f o r c e s  
on t h e  s u r f a c e  o f  t h e  j e t  . The b u o y a n c y  p a r a m e t e r  ( N j )  c a n  be  
u s e d  a s  a  ro u g h  g u i d e  t o  d e t e r m i n e  w h e t h e r  t h e  j e t  w i l l  c o n t r a c t  
o r  expand  ( i f  Nj »  1 t h e  j e t  c o n t r a c t s  and i f  Nj «  1 t h e  je t ;  
w i l l  e x p a n d  ) .W i th  th e  d e c r e a s i n g  v a l u e s  of  (N j )  f rom  2UÜ t o  Ü.1 
t h e  j e t  c o n t r a c t i o n  e f f e c t  i s  r e p l a c e d  by t h e  j e t  e x p a n s i o n  
e f f e c t .
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2 . 3  E f f e c t  o f  f o r c e d  v i b r a t i o n  on t h e  . I n s t a b i l i t y  an d  b r e a k - u p  :
R a y l e i g h  ( 3 )  i n t r o d u c e d  t h e  i d e a  o f  i m p o s e d  d i s t u r b a n c e  t o  i n d u c e  
j e t  i n s t a b i l i t y .  However t h i s  i d e a  h a s  n o t  b e e n  e x p l o i t e d  u n t i l  
r e c e n t l y .  Crane e t  a l  ( 2 6 , 2 7 )  s t u d i e d  t h e  j e t  i n s t a b i l i t y  u s i n g  a 
f l e x i b l e  e l e c t r o n i c a l l y  d r i v e n  v i b r a t o r  t o  i n d u c e  d i s t u r b a n c e s  o f  
d i f f e r e n t  w a v e l e n g t h s .  The g r o w t h  r a t e s  o f  t h e s e  d i s t u r b a n c e s  we re  
c a l c u l a t e d  f r o m  t h e  b r e a k - u p  t i m e  . T h e  r e s u l t  a g r e e d  o n l y  
q u a l i t a t i v e l y  w i t h  R a y l e i g h ' s  ( 1 )  t h e o r y .  T h e y  c o n c l u d e d  t h a t  
r o t a t i o n a l l y  s y m m e t r i c  d i s t u r b a n c e s  a r e  r e q u i r e d  t o  t r i g g e r  i n ­
s t a b i l i t y  on  t h e  l i q u i d  j e t  . T h i s  c o u l d  be  i n d u c e d  by  s m a l l  
p r e s s u r e  v a r i a t i o n  a t  t h e  n o z z l e  . They s u g g e s t e d  t h a t  t h e  e x t e r ­
n a l  m e c h a n i c a l  v i b r a t i o n s  i n  t h e  a p p r o p r i a t e  r a n g e  o f  f r e q u e n c y  
an d  a m p l i t u d e  c o u l d  i n d u c e  s u c h  s m a l l  p r e s s u r e  f l u c t u a t i o n s  a n d  
t r i g g e r  t h e  i n s t a b i l i t y  .
D o n n e l l y  and G l a b e r s o n  ( 2 8 )  made a  s t u d y  o f  t h e  g r o w t h  r a t e  o f  a 
l i q u i d  j e t  by  i n t r o d u c i n g  s i n u s o i d a l  d i s t u r b a n c e s  o f  d i f f e r e n t  
w a v e l e n g t h s ,  u s i n g  a l o u d s p e a k e r  , d r i v e n  by an  a u d i o  o s c i l l a t o r  . 
T h e y  i n v e s t i g a t e d  t h e  g r o w t h  r a t e  o f  t h e  s u r f a c e  wave a s  a  f u n c ­
t i o n  o f  t i m e  . T h e i r  r e s u l t s  s h o w e d  t h a t  s u r f a c e  w a v e s  g ro w ,  
e x p o n e n t i a l l y  , a n d  t h e  m e a s u r e d  g r o w t h  r a t e s  a g r e e d  w e l l  w i t h  
R a y l e i g h ' s  t h e o r y  . They  c o n c l u d e d  t h a t  t h e  b r e a k - u p  o f  t h e  
l i q u i d  j e t  w a s  i n d u c e d  by t h e  n o n - l i n e a r  e f f e c t s  a n d  n o n -  
s i n u s o i d a l  s u r f a c e  d e f o r m a t i o n  d u e  t o  t h e  p r e s e n c e  o f  h i g h e r  
h a r m o n i c s  i n  t h e  s y s t e m  ,. is t i i s t  s u g g e s t e d  by R a y l e i g h  .
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H a e l e i n  ( 2 9 )  i n v e s t i g a t e d  t h e  d i s i n t e g r a t i o n  o f  c y l i n d r i c a l  j e t s  
o f  l i q u i d  o f  d i f f e r e n t  p h y s i c a l  p r o p e r t i e s  . At  lo w  v e l o c i t i e s  he 
r e l a t e d  t h e  wave l e n g t h  o f  t h e  f o r c e d  d i s t u r b a n c e  t o  t h e  c i r c u m ­
f e r e n c e  o f  t h e  l i q u i d  j e t  a n d  r e p o r t e d  t h a t  a  w a t e r  j e t  
d i s i n t e g r a t e d  a t  wave l e n g t h s  v a r y i n g  f r o m  1 . 4  -  2 . 2  t i m e s  t h e  
c i r c u m f e r e n c e  o f  t h e  j e t  . At  h i g h e r  v e l o c i t i e s  he  r e p o r t e d  t h a t  
t h e  e f f e c t  o f  t h e  s u r r o u n d i n g  a i r  g r a d u a l l y  b e c o m e s  d o m i n a n t  a n d  
t h i s  r e l a t i o n s h i p  i s  no l o n g e r  v a l i d  .
The i n s t a b i l i t y  o f  a  l i q u i d  j e t  o f  c y l i n d r i c a l  g e o m e t r y  u n d e r  t h e  
i n f l u e n c e  o f  t h e  e x t e r n a l  v i b r a t i o n  was s t u d i e d  by Yuen ( 3 0 , 3 1 ) . He 
s u g g e s t e d  t h a t  t h e  n o n - s i n u s o i d a l  s u r f a c e  d e f o r m a t i o n  o f  t h e  j e t  
was  i n d u c e d  by t h e  n o n - l i n e a r  e f f e c t  a n d  t h e  a g r e e m e n t  b e t w e e n  
D o n n e l l y  and G l a b e r s o n ' s  e x p e r i m e n t s  a n d  R a y l e i g h ' s  l i n e a r i s e d  
t h e o r y  was o n l y  due to  t h e i r  method  o f  m e a s u r e m e n t s  .
C o n s i d e r i n g  t h e  e f f e c t  o f  t h e  f i n i t e  a m p l i t u d e  on t h e  i n s t a b i l i t y  
o f  a  l i q u i d  j e t ,  he  d e v e l o p e d  a  t h i r d  o r d e r  t h e o r y  and  s u g g e s t e d  
t h a t  i n  R a y l e i g h ' s  a n a l y s i s  t h e  v o l u m e  o f  t h e  j e t  i s  c o n s e r v e d  
o n l y  t o  t h e  f i r s t  o r d e r  o f  t h e  wave a m p l i t u d e  w h i c h  c a u s e s  
b r e a k - u p .  By c o n s e r v i n g  t h e  mass  to  t h e  h i g h e r  o r d e r  , h e  s h o w e d  
t h a t  i n t e r a c t i o n  o c c u r r e d  b e t w e e n  t h e  h i g h e r  h a r m o n i c s  o f  t h e  
d i s t u r b a n c e s  , w h ich  e x t r a c t s  t h e  e n e r g y  f r o m  t h e  F u n d a m e n t a l  , 
a n d  f o u n d  t h a t  t h e  g r o w th  o f  t h e  s u r f a c e  d i s t u r b i n g  wave was o n l y  
d e p e n d e n t  on th e  a m p l i t u d e  of  d i s t u r b a n c e  a n d  t h e  d i m e n s i o n l e s s  
wave number (k )  of  tl ie wave .
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Wissema and D a v i e s  ( 3 3 )  s t u d i e d  t h e  e f f e c t  o f  e x t e r n a l  m e c h a n i c a l  
v i b r a t i o n s  , i n  t h e  d i r e c t i o n  n o r m a l  t o  t h e  l i q u i d  j e t  , on t h e  
d i s i n t e g r a t i o n  o f  l i q u i d  j e t  . They  u s e d  a n  e l e c t r o m a g n e t i c a l l y  
d r i v e n  v i b r a t o r  a n d  k e p t  t h e  f l o w  r a t e  c o n s t a n t  , by  u s i n g  a  
m e t e r i n g  pump. A wide  r a n g e  o f  a m p l i t u d e s  and f r e q u e n c i e s  , o v e r  a 
r a n g e  o f  f l o w  r a t e s  wa. 4 : s t u d i e d .  I t  was  f o u n d  t h a t  a t  r e l a ­
t i v e l y  low v i b r a t i o n a l  f r e q u e n c i e s  , t h e  d i s i n t e g r a t i o n  p a t t e r n  o f  
t h e  l i q u i d  j e t  and d r o p s i z e  d i s t r i b u t i o n s  c h a n g ed  v e r y  l i t t l e  f r om  
t h o s e  o b s e r v e d  u n d e r  n a t u r a l  c o n d i t i o n s .
I n  m o s t  o f  t h e  c a s e s  t h e y  f o u n d  t h a t  t h e  maximum frequency , a t  
w h ich  m o n o s i z e  drops appeared , was one h a l f  o f  t h e  f r e q u e n c y  o f  
t h e  maximum i n s t a b i l i t y  o f  t h e  j e t  p r e d i c t e d  f r o m  t h e  t h e  e x t e n ­
s i o n  o f  R a y l e i g h ' s  o r i g i n a l  a n a l y s i s  . I t  was a l s o  reported t h a t  
u n i f o r m  s i z e d  d r o p s  were  fo rmed  a t  a r a t e  e q u a l  t o  t h e  f r e q u e n c y  
o f  v i b r a t i o n  o f  t h e  n o z z l e  . They p r o p o s e d  an  e q u a t i o n  b a s e d  on 
t h e  m a t e r i a l  b a l a n c e  t o  c o r r e l a t e  d r o p s i z e s .  The e q u a t i o n  i s  ;
o . y s d ^ / ^ u / f ) [ 4 5 ]
W he re  f  i s  t h e  a p p l i e d  f r e q u e n c y  and U i s  t h e  v e l o c i t y  o f  t h e  
j e t  . I t  i s  a l s o  r e p o r t e d  t h a t  u n d e r  t h e s e  c o n d i t i o n s  f o r  u n i f o r m  
d r o p l e t  f o r m a t i o n  , t h e  b r e a k - u p  l e n g t h  o f  t h e  j e t  d e c r e a s e s  w i t h  
b o t h  i n c r e a s i n g  f r e q u e n c y  and a m p l i t u d e  of  v i b r a t i o n  .
R u t l a n d  a n d  J a m e s o n  ( 3 4 )  u s e d  an  e x p e r i m e n t a l  method s i m i l . ^ r  t o  
D o n n e l l y  and G l a b e r s o n  (2 8 )  and e x t e n d e d  Y u e n ' s  ( 3 0 )  i d e a  o f  t h e
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p r e s e n c e  o f  h i g h e r  h a r m o n i c s  i n  t h e  s y s t e m  , w h ich  he c a l l e d  a 
w av e  u n d u l a t i o n  ( i . e  t h e  p r e s e n c e  o f  m o r e  t h a n  o n e  c r e s t  p e r  
w a v e l e n g t h  , on  t h e  s u r f a c e  o f  t h e  j e t . )
T h e y  r e p o r t e d  t h a t  t h e  p r i m a r y  wave  g r o w s  e x p o n e n t i a l l y  a s  
r e p o r t e d  p r e v i o u s l y  by o t h e r  i n v e s t i g a t o r s  ( 8 , 9 , 3 0 , 3 1 )  and t h e  
g r o w t h  r a t e  o f  t h e  s e c o n d a r y  wave i s  a l w a y s  s l o w e r  , a n d  a l s o  t h e  
a m p l i t u d e  o f  t h e  h i g h e r  h a r m o n i c s  d e p e n d s  u p o n  t h e  i n i t i a l  
a m p l i t u d e  . They a s s u m e d  t h e  s w e l l i n g  b e t w e e n  t h e  tw o  a d j a c e n t  
c r e s t s  o f  t h e  p r i m a r y  wave a s  t h e  h i g h e r  h a r m o n i c s  o f  t h e  i n i t i a l  
d i s t u r b a n c e s
R a j g o p a l a n ( 3 5  ) s t u d i e d  t h e  p r o d u c t i o n  o f  m o n o s i z e  d r o p l e t s  by 
a p p l y i n g  an  e x t e r n a l  v i b r a t i o n .  T h e y  e x t e n d e d  t h e  e q u a t i o n  o f  
W i s s e m a  a n d  D a v i e s  ( 3 3 )  f o r  t h e  p r e d i c t i o n  o f  t h e  d r o p  s i z e s  , by 
e m p l o y i n g  t h e  f o l l o w i n g  a s s u m p t i o n s  ;
[ 1 ]  The l e n g t h  o f  a c y l i n d r i c a l  j e t  r e s u l t i n g  i n  a  d r o p  i s  e q u a l  
t o  t h a t  o f  one c o m p l e t e  wave l e n g t h  o f  t h e  d i s t u r b a n c e  a p p l i e d  .
[2]  The wave l e n g t h  (A) and th e  f r e q u e n c y  ( f )  a r e  r e l a t e d  by
A = U / f
A s x m p l e  m a t e r i a l  b a l a n c e  was  c a r r i e d  o u t  t o  p r e d i c t  t h e  d r o p  
d i a m e t e r  u s i n g  t h e  f o l l o w i n g  e q u a t i o n  ;
4 "  ^  U^/4 )u  [ 4 6 ]
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They e m p h a s i s e d  t h a t  f r o m  m a t e r i a l  b a l a n c e  i t  i s  i m p o s s i b l e  t o  
o b t a i n  t h e  e q u a t i o n  g i v e n  by Wissema and  D a v ie s  .
R a j g o p a l a n  e t  a l  ( 3 6 )  i n v e s t i g a t e d  t h e  p r o d u c t i o n  o f  m o n o s i z e d  
d r o p s  by c o n t r o l l e d  v i b r a t i o n  o f  t h e  l i q u i d  j e t .  The v a r i a b l e s  
s t u d i e d  w e r e  p h y s i c a l  p r o p e r t i e s  o f  t h e  l i q u i d  , c a p i l l a r y  
d i a m e t e r  , and t h e  f r e q u e n c y  an d  t h e  a m p l i t u d e  o f  a p p l i e d  d i s t u r ­
b a n c e  . They f o u n d  t h a t  t h e  b r e a k - u p  o f  a v i b r a t e d  j e t  c o u l d  be 
v e r y  e f f e c t i v e l y  c o n t r o l l e d  t o  p r o d u c e  u n i f o r m  s i z e  d r o p s  . They 
managed t o  p r o d u c e  d r o p s  a t  a  r a t e  e q u a l  t o  t w i c e  t h a t  o f  t h e
i m p o s e d  f r e q u e n c y  i n  c o n t r a s t  t o  t h e  f i n d i n g  o f  p r e v i o u s  w o r k e r s  
( 3 3 )
S c h n e i d e r  a n d  H e n d r i c k s  ( 3 7 )  s t u d i e d  t h e  l i q u i d  j e t  u n d e r  t h e
i n f l u e n c e  o f  e x t e r n a l  v i b r a t i o n  t o  p r o d u c e  m o n o s i z e  d r o p s  . T h ey  
showed t h a t  u n i f o r m  d r o p s  o f  low v i s c o s i t y  l i q u i d s  c o u l d  be fo rm ed  
by l i q u i d  j e t  b r e a k - u p  when t h e  wave l e n g t h  o f  t h e  e x t e r n a l  d i s ­
t u r b a n c e  became 3 . 5  -  7 t i m e s  t h e  d i a m e t e r  o f  t h e  j e t  . I n  t h e i r
i n v e s t i g a t i o n  t h e  l o w e r  l i m i t  o f  t h e  w a v e l e n g t h  c o r r e s p o n d s  t o  t h e  
maximum w a v e l e n g t h  p r e d i c t e d  by R a y l e i g h ' s  t h e o r y .
D abora  ( 3 8 )  a p p l i e d  e x t e r n a l  m e c h a n i c a l  v i b r a t i o n s  on a  l i q u i d  j e t  
s u b m e r g e d  i n t o  a n o t h e r  l i q u i d  t o  p r o d u c e  m o n o s i z e  d r o p s  . His  
t h e o r e t i c a l  t r e a t m e n t  was b a s e d  on R a y l e i g h ' s  a n a l y s i s  o f  t h e  
i n s t a b i l i t y  o f  a  c a p i l l a r y  j e t  i n  a i r  . He showed t h a t  t h e  f r e ­
quen cy  f o r  t h e  maximum i n s t a b i l i t y  i s  r e l a t e d  t o  t h e  j e t  v e l o c i t y  
a n d  t h e  j e t  d i a m e t e r  a t  t h e  b r e a k - u p  p o i n t  . He a l s o  c a l c u l a t e d
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^ (max) maximum i n s t a b i l i t y  f o r  a g i v e n  v i s c o s i t y  r a t i o  
^Vc) * a p p l y i n g  T o m o t i k a ' s  t h e o r y  and  r e l a t e d  t h e  f r e q u e n c y  o f  
maximum i n s t a b i l i t y  a t  w h ich  m o n o s i z e  d r o p s  a p p e a r e d  a s  \
U
^(m ax)  ~ K~dj
w he re  ;
^ ( m a x ) ~  F r e q u e n c y  o f  maximum i n s t a b i l i t y  (Hz)
K -  C o e f f i c i e n t  dep e n d  on t h e  v i s c o s i t y  r a t i o  ( )
-  j e t  v e l o c i t y  ( c m / s e c . )
d j  -  j e t  d i a m e t e r  (mm)
He made s i m p l i f y i n g  a s s u m p t i o n  t h a t  t h e  v e l o c i t y  and t h e  d i a m e t e r  
o f  t h e  j e t  a t  b r e a k - u p  p o i n t  a r e  e q u a l  t o  t h e  n o z z l e  v e l o c i t y  a n d  
d i a m e t e r  . E x p e r i m e n t a l l y  he  c o u l d  n o t  p r o d u c e  m o n o s i z e  d r o p s  
a p p l y i n g  t h i s  f r e q u e n c y  . T h e r e f o r e  t h e  f r e q u e n c y  was  4 j j u s  t e d  by 
t r i a l  and e r r o r  t o  a c h i e v e  m o n o s i z e  d r o p s .
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2 . 4  D i s c u s s i o n  on t h e  l i t e r a t u r e  s u r v e y :
Most  p r e v i o u s  i n v e s t i g a t o r s  ( 1 2 , 1 3 , 1 6 )  u s e d  t h e  f o l l o w i n g  e q u a t i o n  
t o  p r e d i c t  t h e  l e n g t h  o f  a  l i q u i d  j e t  i n  a i r  ;
D ~  =n
The d e r i v a t i o n  o f  t h i s  e q u a t i o n  i n v o l v e s  t h r e e  s i m p l i f y i n g  a s ­
s u m p t i o n s  ;
[ I j  A l l  t h e  d i s t u r b a n c e s  a r e  i n i t i a t e d  a t  t h e  n o z z l e  e x i t .
[ 2 ]  The a m p l i t u d e  o f  t h e  d i s t u r b a n c e  grows e x p o n e n t i a l l y  on t h e
s u r f a c e  o f  t h e  j e t
[ 3 ]  The v e l o c i t y  and t h e  d i a m e t e r  o f  t h e  j e t  i s  t h e  same a s  t h a t  
o f  v e l o c i t y  and d i a m e t e r  a t  t h e  n o z z l e  e x i t .
T h e  g r o w t h  r a t e  o f  t h e  d i s t u r b a n c e  c a n  be  c a l c u l a t e d  u s i n g  
R a y l e i g h ' s  i n s t a b i l i t y  t h e o r y  . The v a l u e  o f  t h e  c o n s t a n t  K i n
t h e  e q u a t i o n  above  was t a k e n  by p r e v i o u s  w o r k e r s  v a r y i n g  f r o m  6  — 
21 . A f l a t  v e l o c i t y  p r o f i l e  was  a s s u m e d  a n d  t h e  v i s c o s i t y  a n d  
d e n s i t y  o f  t h e  c o n t i n u o u s  p h a s e  were  n e g l e c t e d .
C h r i s t i a n s e n  ( 9 )  e x t e n d e d  T o m o t i k a ' s  a n a l y s i s  f o r  t h e  g r o w t h  r a t e  
f o r  a l i q u i d  j e t  s u b m e rg e d  i n t o  a n o t h e r  l i q u i d  and s u g g e s t e d  t h e  
t h e  g r o w t h  r a t e  o f  t h e  f a s t e s t  g r o w i n g  d i s t u r b a n c e  a l s o  d e p e n d e d  
on th e  v i s c o s i t y  and d e n s i t y  o f  t h e  c o n t i n u o u s  p h a s e .
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L a t e r  i t  was s u g g e s t e d  by o t h e r  i n v e s t i g a t o r s  ( 1 6 , 1 7 )  t h a t  f o r  a 
s u b m e r g e d  l i q u i d  j e t  i n t o  a n o t h e r  l i q u i d  , t h e  a s s u m p t i o n  o f  a 
f l a t  v e l o c i t y  p r o f i l e  i s  n o t  v a l i d  a s  t h e  j e t  c o u l d  c o n t r a c t  o r  
e x p a n d  d e p e n d i n g  on t h e  n o z z l e  d i a m e t e r  , n o z z l e  v e l o c i t y  , d e n ­
s i t y  and v i s c o s i t y  o f  t h e  c o n t i n u o u s  p h a s e  . M e i s t e r  a n d  S c h e e l e  
c o n s i d e r e d  t h a t  t h e  i n t e r f a c i a l  v e l o c i t y  p l a y s  an  i m p o r t a n t  r o l e  
i n  t h e  p r e d i c t i o n  o f  t h e  j e t  l e n g t h  , a n d  s u g g e s t e d  i n  t h e i r  
t h e o r e t i c a l  m o d e l  t h a t  t h e  j e t  l e n g t h  i s  i n d e p e n d e n t  o f  t h e  j e t  
c o n t r a c t i o n  . They i g n o r e d  t h e  v i s c o u s  f o r c e s  i n  t h e i r  mom en tum  
b a l a n c e  e q u a t i o n  and d i d  n o t  e x p l a i n  t h e  p r o c e s s  o f  t h e  j e t  e x p a n ­
s i o n  o b s e r v e d  e x p e r i m e n t a l l y .
A s i m p l e  momen tum i n t e g r a l  a p p r o a c h  t o  t h e  s i m u l t a n e o u s  e q u a t i o n  
o f  m o t i o n  f o r  d i s p e r s e d  a n d  c o n t i n u o u s  p h a s e s  was  p r e s e n t e d  by 
An wa r  e t  a l  ( 2 5 )  , t o  p r e d i c t  t h e  j e t  d i a m e t e r  a t  t h e  p o i n t  o f  
b r e a k - u p  , c o n s i d e r i n g  t h e  e f f e c t  o f  g r a v i t y  , i n t e r f a c i a l  t e n s i o n  
and v i s c o u s  f o r c e s  , t h e y  s u g g e s t e d  t h a t  t h e  d r o p  d i a m e t e r  d e p e n d s  
on t h e  j e t  d i a m e t e r  a t  t h e  p o i n t  o f  b r e a k - u p  . The j e t  c a n  e x p a n d  
o r  c o n t r a c t  d e p e n d i n g  on t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  s y s t e m .  
T h i s  l e a d s  t o  a  c o n c l u s i o n  t h a t  t h e  j e t  d i a m e t e r  i s  a  f u n c t i o n  o f  
t h e  j e t  l e n g t h  , t h u s  t o  q u a n t i f y  d r o p  d i a m e t e r  t h e  j e t  l e n g t h  m us t  
be known.
I t  i.s o b v i o u s  f r o m  t h e  l i t e r a t u r e  t h a t  t h e r e  i s  a l a c k  o f  a 
s u i t a b l e  model  t o  p r e d i c t  t h e  j e t  l e n g t h  o f  a l i q u i d  j e t  i n  l i q u i d  
l i q u i d  s y s t e m s .  I n  o r d e r  t o  u n d e r s t a n d  JeL i n s  t a  b i. i.i i v a n d  
b r e a k - u p  phenomena and to  p r e d i c t  t h e  d ro p  d i a m e t e r  r e s u l t i n g  f rom 
t h e  d i s i n t e g r a t i o n  o f  a l a m i n a r  l i q u i d  j e t  and a l s o  t o  c a l c u l a t e
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t h e  i n t e r f a c i a l  c o n t a c t  a r e a  , a  s u i t a b l e  m o d e l  i s  e s s e n t i a l  f o r  
t h e  p r e d i c t i o n  o f  t h e  j e t  l e n g t h  . T h i s  i n d i c a t e s  t h e  n e x t  s t e p  i n  
t h e  u n d e r s t a n d i n g  o f  t h e  phenomenon a s  a l s o  s u g g e s t e d  by Das ( 1 7 ) ,
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3 .  EXPERIMENTAL
To s t u d y  t h e  v a r i o u s  p a r a m e t e r s  on t h e  j e t  b r e a k - u p  l e n g t h  , f o r  
e x a m p l e  , f r e q u e n c y  and t h e  a m p l i t u d e  o f  t h e  f o r c e d  v i b r a t i o n s  
a n  e x p e r i m e n t a l  programme was i n i t i a t e d  t o  p r o d u c e  d a t a  f o r  t h e  
u s e  i n  t h e  p r e d i c t i o n  o f  j e t  b r e a k - u p  l e n g t h
The e x p e r i m e n t a l  work c a n  be d i v i d e d  i n t o  t h e  f o l l o w i n g  s e c t i o n s  ;
3 . 1  A p p a r a t u s  and p r o c e d u r e
3 . 2  M ea surm en t  o f  t h e  p h y s i c a l  p r o p e r t i e s
3 . 1  A p p a r a t u s  and p r o c e d u r e  :
3 . 1 . 1  V i b r a t i n g  u n i t  ;
The b a s i c  u n i t  was  a  v i b r a t o r  4 0 7 L  made by LTV L ing A l t e c  L t d .
T h i s  v i b r a t o r  was  h e l d  by s p e e d - f r a m e  t o  m i n i m i s e  m o s t  o f  t h e
e x t e r n a l  v i b r a t i o n s  . A PO-20 Type ( L i n g  Dynamic)  f r e q u e n c y  g e n e r -
a t o r  was  u s e  t o  a c t i v a t e  t h e  v i b r a t o r  . The s i g n a l  f r o m  t h e  
f r e q u e n c y  g e n e r a t o r  was  a m p l i f i e d  by u s i n g  an  a m p l i f i e r  made by 
LTV Ling A l t e c  L t d .  The a m p l i t u d e  o f  o s c i l l a t i o n  was c o n t r o l l e d  by 
t h e  power o u t p u t  f rom t h e  f r e q u e n c y  g e n e r a t o r  . An a c c e l e r o m e t e r  
D i g i t a l  P o w e r  M o d u le  2 0 2 0  t y p e  , s u p p l i e d  by  E n v i r o n m e n t a l  
Equ ipm en t  L td  , and an o s c i l l o s c o p e  s u p p l i e d  by Go lds  Advance were  
u s e d  to  m easu re  the  a m p l i t u d e  o f  v i b r a t i o n s  i n  t e r m s  of  a c c e l e r a ­
t i o n  v a l u e s  . The c a l i b r a t i o n  o f  a c c e l e r a t i o n  a t  c o n s t a n t  
a m p l i t u d e  f o r  d i f f e r e n t  f r e q u e n c y  i s  p r e s e n t e d  i n  F i g u r e  ( 6 ) .  To
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c o n f i r m é  t h e  v a l u e  o f  f r e q u e n c y  a p p l i e d  a n  e l e c t r o n i c  d i g i t a l  
c o u n t e r  ( R a c a l s  I n s t r u m e n t  L t d . )  was em ployed  .
3 . 1 . 2  Flow c o n t r o l  u n i t  :
To m i n i m i s e  t h e  e f f e c t  o f  v a r i a t i o n  o f  l i q u i d  f l o w  t h r o u g h  t h e  
n o z z l e  a n d  i t s  e f f e c t  on  j e t  l e n g t h  , i t  i s  e s s e n t i a l  t o  h av e  a 
s t e a d y  and c o n s t a n t  f l o w  o f  l i q u i d  . D a s ( 1 7 )  e m p l o y e d  c o m p r e s s e d  
a i r  t o  o b t a i n  a  c o n s t a n t  h e a d  w h i c h  g a v e  a  s t e a d y  f l o w  , For  a  
f i n e  c o n t r o l  o f  a i r  f l o w  a  c a p i l l a r y  c o p p e r  t u b e  o f  1  mm. i n s i d e  
d i a m e t e r  a n d  30 cm l e n g t h  was  u s e d  . A m e r c u r y  m a n o m e t e r  was  
f i t t e d  a c r o s s  t h e  c a p i l l a r y  t u b e  t o  o b s e r v e  t h e  c h a n g e  o f  v a r i a ­
t i o n  i n  t h e  a i r  f l o w  . I n  t h e  p r e s e n t  work e f f o r t s  were  made t o  
r e p r o d u c e  Das s r e s u l t s  . D i f f i c u l t i e s  w e r e  e x p e r i e n c e d  i n  t h e  
c o n t r o l  o f  a  v e r y  l o w  f l o w  r a t e  , b e c a u s e  t h e  p r e s s u r e  v a r i a t i o n  
a c r o s s  t h e  m anom ete r  was v e r y  s m a l l .  The o p e r a t i o n  was l a b o r i o u s  
t o o k  a  l o n g  t i m e  t o  a c h i e v e  a  s t e a d y  f l o w  r a t e  an d  s t a b l e  c o n d i ­
t i o n s  were  o n l y  p o s s i b l e  f o r  s h o r t  p e r i o d s  .
I n  g a s —l i q u i d  c h r o m a t o g r a p h i c  e q u i p m e n t  v e r y  a c c u r a t e  f l o w  r a t e s  
a r e  r e q u i r e d  . T h i s  s u g g e s t s  t h e  possibility of  u s i n g  s u c h  s y s t e m  
J.n t h e  p r e s e n t  w o rk  . A GLC g a s  f l o w  s y s t e m  ( P e r k i n  E l m e r )  was 
used to test its suitability . The results were inost encouraging
a n d  t h i s  s y s t e m  was u sed  t o  p r o d u c e  f l o w  r a t e s  a t  l o w e r  v a l u e s  o f  
p r e s s u r e  . I t  was f a i r l y  good f o r  a c o n s t a n t  and s t e a d y  f l o w  o v e r  
a lo n g  p e r i o d  w i t h o u t  any v a r i a t i o n  and was u n a f f e c t e d  by e x t e r n a l  
v i b r a t i o n s  . The s e t  u n  i s  g i v e n  i n  F i g u r e  (7&7a)
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A p r e s s u r e  o f  30 ps . l  w as  a p p l i e d  t o  t h e  f e e d  t a n k  and k e p t  c o n ­
s t a n t  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  A r o t a m e t e r  ( s u p p l i e d  by G A 
P l a t o n  L t d . )  was u s ed  t o  c o n t r o l  a  f l o w  r a t e  .The d i s p e r s e d  p h a s e
was k e p t  a t  a c o n s t a n t  t e m p e r a t u r e  o f  2 0 ° C  u s i n g  a  G a l l e n k a m p  
T h e r m o s t a t i c  b a t h  . A s t o r a g e  t a n k  o f  c a p a c i t y  one  l i t r e  was u s e d  
f o r  t h e  d i p e r s e d  p h a s e  f rom t h e  c o n t a c t  c e l l  . To m a i n t a i n  t h e  
l e v e l  o f  t h e  c o n t i n u o u s  p h a s e  i n  t h e  c o n t a c t  c e l l ,  a  n e e d l e  v a l v e  
(G) was u s e d  . The c o n t a c t  c e l l  was  made f r o m  a  d o u b l e  w a l l e d  
p e r s p e x  s h e e t  o f  0 . 5  cm t h i c k n e s s  w i t h  t h e  f o l l o w i n g  d i m e n s i o n s  :
I n s i d e  -  L e n g t h  12 cm B r e a d t h  12 cm H e i g h t  37 cm
O u t s i d e -  L e n g t h  14 cm B r e a d t h  14 cm H e i g h t  38 cm
The c o n t i n u o u s  p h a s e  was a l s o  m a i n t a i n e d  a t  20 C by c i r c u l a t i n g  
w a t e r  f rom  t h e  t h e r m o s t a t i c  b a t h  .
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OPERATING PROCEDURE
D i s p e r s e d  p h a s e  ( w a t e r )  s a t u r a t e d  w i t h  c o n t i n u o u s  p h a s e  was 
v e n t e d  by v a l v e  C i n  t h e  f e e d  t a n k ,  t e m p e r a t u r e  was  m a i n t a i n e d
a t  20 C. A p r e s s u r e  o f  30 p s i  was a p p l i e d  t o  t h e  f e e d  t a n k  v i a  
v a l v e  B. The r e q u i r e d  f l o w  r a t e  was a c h i e v e d  b y  t h e  a d j u s t m e n t  
o f  v a l v e s  E and F.  An a p p r o x i m a t e  v a l u e  o f  v o l u m e t r i c  f l o w  r a t e  
o f  t h e  d i s p e r s e d  p h a s e  was i n d i c a t e d  by a  r o t a m e t e r ,  A c a l i b r a ­
t i o n  o f  t h e  r o t a m e t e r  a t  2 0 ° C  i s  g i v e n  i n  F i g u r e  8 . The 
i n d i c a t e d  f l o w  r a t e  was  c o n f i r m e d  by w e i g h i n g  t h e  c o l l e c t e d  
s a m p le  o f  t h e  d i s p e r s e d  p h a s e  U'pm a known t im e  and a  v o l u m e t r i c  
f l o w  r a t e  c o u l d  t h e n  be c a l c u l a t e d .
A f t e r  h a v i n g  a  c o n s t a n t  f l o w  r a t e  t h r o u g h  n o z z l e ,  a  c h o o s e n  
f r e q u e n c y  and a m p l i t u d e  o f  e x t e r n a l  v i b r a t i o n  w e r e  a p p l i e d  a n d  
t h e  v a r i a t i o n s  i n  t h e  j e t  l e n g t h  were  r e c o r d e d  s i m u l t e n e o u s l y  by 
a  v i d e o  cam e ra  and a 35 mm s t i l l  cam era  , f o c u s s e d  on t h e  s u f a c e  
o f  t h e  j e t .  M e a s u r e m e n t s  o f  j e t  l e n g t h  and d r o p  d i a m e t e r  were  
t a k e n  f rom  s t i l l  p h o t o g r a p h s  and t h e  p r o c e s s  o f  d i s i n t e g r a t i o n  
was s t u d i e d  by r e p l a y i n g  t h e  v i d e o  r e c o r d e d  f i l m  i n  s l o w  m o t i o n .
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3 , 1 . 3  N o z z l e s  :
Two t y p e s  o f  n o z z l e  w e re  u s e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  ;
3 . 1 . 3 . 1  -  H ypode rm ic  N e e d l e s
3 . 1 . 3 . 2  -  S p i n n e r e t t e s
3 , 1 , 3 , 1  Hypode rm ic  N e e d l e s  :
S t a i n l e s s  s t e e l  h y p o d e r m i c  n e e d l e s  w e r e  p r o v i d e d  by C o o p e r ' s  
N e e d l e s  Wor ks  L t d ,  , B i r m i n g h a m  , E n g l a n d ,  N e e d l e s  were  6 , 5  cm
l o n g  a n d  t h e  r a t i o  o f  l e n g t h  t o  t h e  i n s i d e  d i a m e t e r  was  k e p t
h i g h e r  t h a n  r e q u i r e d  t o  o b t a i n  a  f u l l y  d e v e l o p e d  v e l o c i t y  p r o f i l e  
a t  t h e  o u t l e t .  N e ed le  t i p s  were  m a c h in e d  f l a t  an d  sm o o th  t o  r e d u c e  
t h e  r o u g h  s u r f a c e  e f f e c t  o f  t h e  n o z z l e  on t h e  l i q u i d  j e t . A  summary 
o f  t h e  n e e d l e  s i z e s  i s  g i v e n  i n  t h e  t a b l e  b e lo w  ;
S .N o ,  N o z z l e  No, I n s i d e  Dia  O u t s i d e  Dia 
1 • 5 0 , 6 1  mm 1 . 0 5  mm
6  0 , 6 8  mm 1 . 1 0  mm
3» 7 0 , 8 5  mm 1 ,2 4  mm
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3 . 1 . 3 . 2  S p i n n e r e t t e s  :
S p i n n e r e t t e s  u s e d  i n  t h e  i n v e s t i g a t i o n  w e r e  m ade  o f  s t a i n l e s s  
s t e e l  p l a t e  o f  t h i c n e s s  1  mm . S p i n n e r e t t e s  w i t h  f o u r  d i f f e r e n t  
h o l e  s i z e s  (250  , 200 , 150 an d  100 yim d i a m e t e r )  w e re  e m p l o y e d  . 
T h e s e  w e r e  s u p p l i e d  b y  C o u r t a u l d s  E n g i n e e r i n g  L td  , C o v e n t r y  , 
E n g l a n d  . An a l u m i n i u m  c h a m b e r  was  d e s i g n e d  a n d  c o n s t r u c t e d  t o  
h o l d  t h e s e  s p i n n e r e t t e s  , t o  p r o v i d e  a  s m o o th  and u n i f o r m  f l o w  
t h r o u g h  t h e  h o l e s  . A s c h e m a t i c  p l a n  o f  chamber  an d  s p i n n e r e t t e  i s  
g i v e n  i n  f i g u r e  ( 9 )  a n d  a  p h o t o g r a p h  o f  o f  t h e  two i s  g i v e n  i n  
p l a t e  2  an d  3  .
The n e e d l e  a s s e m b l y  o r  a l u m i n i u m  chamber  f i t t e d  w i t h  t h e  s p i n -  
n e r e t t e  was m o u n t e d  v e r t i c a l l y  on t h e  e x t e n s i o n  b a r  o f  t h e  
v i b r a t o r  t o  i n d u c e  t r a n s v e r s e  v i b r a t i o n s  .
PLATE 2 ; Sp'innevette Assembti/'
PLATE 3 : A n a to m y  o f  S p i n n e r e t t e  A ssem b ly^
61
uw
• HQ
TD
(UJC
U
C3
P li
x:
C(Ü
S-I
(UXIE«3J=U
E3
• H
C
• H
E
4-tO
3O)
• H
>
P(Ü
r-ieu
(Vp
3
OC
62
3 . 1 . 4  P h o t o g r a p h i c  U n i t
3 . 1 . 4 . 1  -  S t i l l  P h o t o g r a p h y  ;
A f i x 6 (i r i g i d  basG s t a n d  inountGd w i t h  Nikon  — > caniGra  w i t h  55
mm f  3 . 5  l e n s  was u s e d  f o r  s t i l l  p h o t o g r a p h y  . A c a b l e  r e l e a s e  
m echn i sm  was u s e d  t o  p r e v e n t  u n n e c e s s a r y  m o v e m e n t  d u r i n g  t h e  
p h o t o g r a p h y  A h i g h  s p e e d  f l a s h  ( S u n p a r k  Zoom A240ÜÜ) was u s e d  
t o  i l l u m i n a t e  t h e  j e t  and t h e  d r o p l e t s  . The f l a s h  d u r a t i o n  t i m e  
w as  30 wAsec s y n c h r o n i z e d  w i t h  t h e  cam e ra  a t  a  s h u t t e r  s p e e d  o f  
1 /3 0  o f  a  s e c o n d  . The e a r l y  t e s t  i n d i c a t e d  t i i a t  i t  was n e c e s s a r y  
t o  r e d u c e  t h e  l i g h t  i n t e n s i t y  t o  p r o d u c e  a  c l e a r  d i s t i n c t i o n  o f  
t h e  o b j e c t s  b e i n g  p h o t o g r a p h e d  . The r e d u c t i o n  w as  a c h i e v e d  by 
i n s e r t i n g  two s h e e t s  o f  t y p i n g  p a p e r  i n  f r o n t  o f  t h e  f l a s h  . T h ese  
a c t e d  a s  l i g h t  d i f f u s e r s  and p r o v i d e d  a u n i f o r m  i l l u m i n a t i o n  , 
w h i c h  p r o d u c e d  d i s t i n c t  , m e a s u r a b l e  b o u n d a r i e s  a r o u n d  t h e  j e t  
s u r f a c e  . A s c a l e  was f i x e d  i n  t h e  sam e  p l a n e  a s  t h e  l i q u i d  j e t  
a n d  w i t h i n  t h e  cam era  f i e l d  . I l f o r d  F—P4 f i l m s  were  u s e d  an d  t h e  
e x p o s e d  f i l m s  were  d e v e l o p e d  i n  I l f o r d  M i c r o p h e n  d e v e l o p e r  .
3 . 1 . 4 . 2  V ideo  R e c o r d i n g  ;
A v i d e o  r e c o r d e r  (Model  V ideo  S t a r  s u p p l i e d  by F e r g u s o n  E l e c t r o n i c  
L t d . ) w a s  u s e d  , t o  r e c o r d  t h e  p i c t u r e s  f r o m  a v i d e o  c a m e r a  
( s u p p l i e d  by JVC).  To i l l u m i n a t e  th e  j e t ,  a s t r o b e  l i g h t  ( s u p p l i e d  
b y  C r o m s t o n  E l e c t r o n i c s  L t d )  was  u s e d  « The f r e q u e n c y  o f  t l i e  
s t r o b e  l i g h t  was s e t  m a n u a l l y  , e q u a l  t o  t h e  d r o p  f r e q u e n c y  . T h i s
63
g a v e  a  f r o z e n  p i c t u r e  o f  t h e  l i q u i d  j e t  on t h e  TV m o n i t o r  
( s u p p l i e d  by  Sony  E l e c t r o n i c s  L t d .  J a p a n . )  F i l m s  w e r e  mad e a t  
e v e r y  s e t t i n g  o f  f r e q u e n c y  a n d  a m p l i t u d e  u s i n g  E -1 8 0  VHS v i d e o  
c a s s e t t e s  , s u p p l i e d  by V i c t o r  Company L td  , J a p a n .
The d i s i n t e g r a t i o n  p r o c e s s  o f  t h e  l i q u i d  j e t s  an d  d r o p  f o r m a t i o n  
c o u l d  be s t u d i e d  i n  d e t a i l  by r e p l a y i n g  t h e  r e c o r d e d  f i l m s  i n  s l o w  
m o t i o n  on  t h e  TV m o n i t o r  . J e t  l e n g t h s  and s i z e s  an d  i n t e r —d r o p  
d i s t a n c e s  c o u l d  be  m e a s u r e d  d i r e c t l y  f r om  t h e  TV m o n i t o r  by f r e e z -  
t h e  f r a m e s  o f  t h e  f i l m s  . T h e s e  r e s u l t s  c o u l d  be  c h e c k e d  
a g a i n s t  t h e  m e a s u r e m e n t s  t a k e n  f rom t h e  s t i l l  p h o t o g r a p h s  o b t a i n e d  
a t  t h e  same t i m e  .
3 . 1 . 4 . 3  High Speed  P h o t o g r a p h y  :
The c a m e r a  u s e d  was  a  16 mm W o l l e n s a k  F a s t e x  WF 17T , r o t a t i n g  
p r i s m  m o d e l  o f  30 m f i l m  c a p a c i t y  . I t  e m p l o y e d  t w o  l e n s e s  
( o r i e n t e d  a t  r i g h t  a n g l e s )  s i m u l t a n e o u s l y  . ' T h e  im ag es  a r e  s u p e r ­
im p o sed  on t h e  sam e  f i l m .  P h o t o g r a p h s  c a n  be  t a k e n  a t  a  s p e e d  
b e t w e e n  150 -  18000 f r a m e s  p e r  s e c o n d  . The f r a m e d  image i s  e s t a b ­
l i s h e d  on t h e  c o n t i n u o u s l y  moving f i l m  by a p r i s m  . The r o t a t i o n  
o f  t h e  p r i s m  i s  s y n c h r o n i s e d  w i t h  t h e  m o v e m e n t  o f  t h e  f i l m  . 
D i f f e r e n t  f i l m  s p e e d s  a r e  o b t a i n e d  by a d j u s t i n g  t h e  v o l t a g e  s u p — 
p i i ^ h  t o  t h e  two m o t o r s  of  t h e  ca mera  and a s p e e d  a t  any  p o i n t  i s  
i n d i c a t e d  by th e  l i m i t i n g  p u l s e s  r e g i s t e r e d  on t h e  f i l m s  d u r  in  g 
t h e  o p e r a t i o n  . The e x p o s u r e  t ime  c a n n o t  be a d j u s t e d  i n d e p e n d e n t l y
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o f  t h e  p i c t u r e  f r e q u e n c y  « The e f f e c t i v e  e x p o s u r e  t i m e  i s  a p — 
p r o x i m a t e l y  t h e  r e c i p r o c a l  o f  f i v e  t i m e s  t h e  s e t t i n g  f r e q u e n c y  * 
T h i s  c a m e ra  was  m o u n t e d  on a  s t a n d  w h i c h  g i v e s  f l e x i b i l i t y  o f  
a d j u s t m e n t  w i t h  a d e q u a t e  s t a b i l i t y  .
A s p e c i a l  c o n t r o l  u n i t  ( G o o s e )  p e r m i t s  t h e  s y n c h r o n i s a t i o n  o f  t h e  
c a m e r a  w i t h  t h e  e v e n t s  t o  be  p h o t o g r a p h e d  . R e g u l a t i o n  o f  t h e  
cam era  s p e e d  and r e m o t e  c o n t r o l  o f  t h e  ca m e ra  
' c o n t r o l l e d  by t h e  c u r r e n t  s u p p l i e d  w i t h  a n  AC v a r i a b l e  a u t o  
t r a n s f o r m e r  w i t h  a  maximum o u t p u t  o f  280 v o l t s  . The c a m e r a  c o n ­
t r o l  c i r c u i t  a l s o  i n c o r p o r a t e s  a  70ms d e l a y  t i m e  when o p e r a t i n g  
ab o v e  130 v o l t s  . T h i s  d e l a y  b r i n g s  t h e  c a m e r a  up  t o  s p e e d  i n  
two s t e p s  t o  p r e v e n t  s t r i p p i n g  o f  t h e  f i l m  s p r o c k e t  h o l e s  .
A m ode l  H S S / 4 / K - 3  h i g h  p o w e r  , h i g h  s p e e d  a n d  s h o r t  d u r a t i o n  
s t r o b o s c o p e  was  u s e d  t o  i l l u m i n a t e  t h e  j e t  and d r o p l e t s  f o r  h i g h  
s p e e d  p h o t o g r a p h y  .
F i l m  r e q u i r e m e n t  f o r  t h e  j e t  and t h e  d r o p l e t s  p h o t o g r a p h y  a r e  much 
t h e  same a s  f o r  o t h e r  h i g h  s p e e d  c a m e ra s  e x c e p t  good  c o n t r a s t  a n d  
h i g h  r e s o l u t i o n  a r e  r e q u i r e d  . To c o m p e n s a t e  t o  a  c e r t a i n  e x t e n t  
f o r  u n d e r - e x p o s u r e ,  a  c o n t r o l l i n g  v i g o r o u s  d e v e l o p e r  i s  n e e d e d  . A 
Kodak T r i  -  X r e v e r s a l  movie  f i l m  was u s e d  f o r  t h e  s t u d y  .
The f i l m  was  a n a l y s e d  by p r o j e c t i n g  on a l a r g e  s c r e e n  , t h e  
p r o j e c t o L -  u s e d  g i v e s  b r i g h t  , f l i c k e r l e s s  p i c t u r e s  a t  f o u r  d i f ­
f e r e n t  s p e e d s  2 , 4 , 8 ,  16 f r a m e  p e r  s e c o n d  w i t h  f o r w a r d  a n d  
r e v e r s e d  r u n n i n g  and r em ote  c o n t r o l  f a c i l i t i e s  . I n d i v i d u a l  f r a m e s
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c a n  be ex a m in e d  f o r  a n y  l e n g t h  o f  t i m e  a n d  f i l m  c a n  be  s t u d i e d  
f r a m e  by f r a m e  , f o r w a r d  o r  b a c k w a r d  by o p e r a t i n g  a  p u s h  b u t t o n  
s w i t c h  . An a c c u r a t e  f r a m e  c o u n t e r  w h i c h  o p e r a t e s  i n  b o t h  t h e  
d i r e c t i o n s  p r o v i d e s  a  r e a d y  m eans  o f  f r am e  i d e n t i f i c a t i o n  . The 
m a g n i f i c a t i o n  o f  t h e  j e t  was d e t e r m i n e d  f r om  a  r e f e r e n c e  c a p i l l a r y  
t u b e  and t h e  d i a m e t e r  o f  t h e  d r o p  p r o d u c e d  was c a l c u l a t e d  f r om  t h e  
r e f e r e n c e  .
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3 . 2  M ea su rem en t  o f  P h y s i c a l  P r o p e r t i e s  :
V i s c o s i t i e s  o f  l i q u i d s  w e r e  m e a s u r e d  by u s i n g  a  S y n c r o  L e c t r i c  
V i s c o m e t e r  s u p p l i e d  by B r o o k f i e l d  . T h i s  v i s c o m e t e r  m e a s u r e s  t h e  
v i s c o s i t y  by m e a s u r i n g  t h e  f o r c e  r e q u i r e d  t o  r o t a t e  a  s p i n d l e  i n  a 
f l u i d  ( I t  m e a s u r e s  t h e  t o r q u e  n e c e s s a r y  t o  o v e rcom e  t h e  v i s c o u s  
r e s i s t a n c e  t o  t h e  i n d u c e d  m o v e m e n t  ) ,  T h i s  i s  a c c o m p l i s h e d  by  
d r i v i n g  t h e  im mers ed  e l e m e n t  , w h ich  i s  c a l l e d  a S p i n d l e  , t h r o u g h  
a  b a r y l l i u m  c o p p e r  s p r i n g  , t h e  d e g r e e  t o  w h i c h  t h e  s p i n d l e  i s  
w ound  , i n d i c a t e d  by t h e  p o s i t i o n  o f  t h e  r e d  p o i n t e r  on t h e  v i s ­
c o m e t e r ' s  d i a l  , i s  p r o p o r t i o n a l  t o  t h e  v i s c o s i t y  o f  t h e  f l u i d  f o r  
a n y  g i v e n  r o t a t i o n a l  s p e e d  an d  s p i n d l e .  The a c c u r a c y  o f  t h e  v i s ­
c o m e t e r  i s  v e r y  h i g h  , t h e  i n s t r u m e n t  was  f o u n d  t o  be  a c c u r a t e  
w i t h i n  1 % an d  t o  r e p r o d u c e  w i t h i n  0 . 2 % o f  i t s  f u l l  s c a l e  r a n g e  .
M e a s u re m e n t s  w e r e  made by u s i n g  t h e  sam e  s p i n d l e  a t  d i f f e r e n t  
s p e e d s  t o  d e t e c t  a n d  e v a l u a t e  t h e  t h e o l o g i c a l  p r o p e r t i e s  o f  t h e  
t e s t  s o l u t i o n  .
T h i s  m e a s u r e d  v a l u e  o f  v i s c o s i t y  was  t h e n  c h e c k e d  by u s i n g  an  
O s tw a ld  V i s c o m e t e r  c a l i b r a t e d  w i t h  w a t e r  w i t h  i n  a  t e m p e r a t u r e
r a n g e  o f  24 - 2 5 ° C  a n d  t h e  a v e r a g e  v a l u e s  o f  t h e s e  two r e a d i n g s  
were  t a k e n  and u s e d  i n  c a l c u l a t i o n .
D e n s i t y  m e a s u r e m e n t  o f  l i q u i d s  w e r e  made by s p e c i f i c  g r a v i t y  
b o t t l e  a l s o  c a l i b r a t e d  w i t h  d i s t i l l e d  w a t e r  w i t h i n  t h e  t e m p e r a ­
t u r e  r a n g e  o f  24 - 2 5 °C
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I n t e r f a c i a l  t e n s i o n  was d e t e r m i n e d  by u s i n g  t h e  H e r k i n  B rown d r o p  
v o l u m e  t e c h n i q u e  . A 3 ml  m i c r o b u r e t t e  , f i t t e d  w i t h  a  g l a s s  
d r o p p i n g  t i p  h a v i n g  a n  i n s i d e  d i a m e t e r  Ü . 5 2  mm a n d  o u t s i d e  
d i a m e t e r  1 , 5  mm r e s p e c t i v e l y  , was u s e d  f o r  t h e  m e a s u r e m e n t s .  The 
m i c r o b u r e t t e  was  c l e a n e d  w i t h  c h r o m i c  a c i d  s o l u t i o n  a n d  t h e n  
t h o r o u g h l y  washed  w i t h  d i s t i l l e d  w a t e r  . U n l e s s  t h e  g l a s s  d r o p p i n g  
t i p  i s  e x c e p t i o n a l l y  c l e a n ,  d i f f i c u l t i e s  c a n  be e x p e r i e n c e d  i n  
f o r m i n g  t h e  d r o p s  so  t h a t  i t  c o m p l e t e l y  c o v e r  t h e  t i p  .The  b u r e t t e  
was f i l l e d  w i t h  t h e  d e n s e r  l i q u i d  and t h e  t i p  was  j u s t  s u b m e r g e d  
i n t o  t h e  o t h e r  l i q u i d  . Each d r o p  was t h e n  fo rm ed  v e r y  s l o w l y  so  
t h a t  a l l  t h e  k i n e t i c  e f f e c t s  were  e l i m i n a t e d  . By t a k i n g  e x t r e m e  
c a r e  i n  t h e  m a n i p u l a t i o n  o f  t h e  o p e n i n g  v a l v e  , t h e  c o r r e c t  d r o p  
vo lume was o b t a i n e d .  15 d r o p s  w e re  fo rm ed  a n d  a v e r a g e  v o l u m e  was  
u s e d  i n  t h e  c a l c u l a t i o n  o f  t h e  i n t e r f a c i a l  t e n s i o n  f r om  t h e  e q u a ­
t i o n  ;
or = YLÇÜdlfçWS.
A D F n
W here  F i s  t h e  H e r k i n  B rown c o r r e c t i o n  f a c t o r  d e p e n d i n g  o n  
- 1 / 3Un/Vf and p l o t t e d  i n  F i g u r e  ( 1 0 )
To c h e c k  t h e  r e a d i n g  o f  t h e  i n t e r f a c i a l  t e n s i o n  , o b t a i n e d  by t h e  
a b o v e  d e s c r i b e d  t e c h n i q u e  , a  T o r s i o n  B a l a n c e  (Type O.S)  was u s e d  
and m e a s u r e d  th e  i n t e r f a c i a l  t e n s i o n  -
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[a ]  By u s i n g  p l a t i n u m  r i n g
[b]  By u s i n g  g l a s s  t e s t  p l a t e
The t o r s i o n  b a l a n c e  i s  d e s i g n e d  f o r  t h e  m e a s u r e m e n t  o f  s u r f a c e  
t e n s i o n  and t h e  i n t e r f a c i a l  t e n s i o n  o f  l i q u i d s  by u s i n g  a  p l a t i n u m  
r i n g  o r  a  g l a s s  p l a t e  . I t  was  c a l i b r a t e d  0 -  0 . 1 2  Newton p e r  
m e t e r  w i t h  240 e q u a l  d i v i s i o n s  ( 1  n e w t o n  p e r  m e t e r  i s  e q u a l  t o  
1 0 0 0  d y n e s  p e r  cm)
3 . 4 . 1  M ea su rem en t  by u s i n g  p l a t i n u m  r i n g  ;
The p r o c e d u r e  a d o p t e d  was a s  f o l l o w s  :
S e t  up t h e  b a l a n c e  , u s i n g  t h i n n e r  e x t e n s i o n  h o o k  f r o m  w h i c h  t h e  
p l a t i n u m  r i n g  was s u s p e n d e d .  Check t h e  b a l a n c e  f o r  z e r o  s e t t i n g  , 
w i t h  t h e  p l a t i n u m  r i n g  c o m p l e t e l y  im mers ed  i n  t h e  u p p e r  o f  t h e  two 
l i q u i d s  . C a r e  be  t a k e n  t o  e n s u r e  t h a t  t h e  c o n t a c t  h a s  n o t  
b e e n  made wn,th t h e  i n t e r f a c e  b e f o r e  t h e  b a l a n c e  i s  c h e c k e d  f o r  
z e r o  . The p l a t i n u m  r i n g  was t h e n  im mers ed  c o m p l e t e l y  i n  t h e  l o w e r  
l i q u i d  and d ra wn o u t  f rom  i n t e r f a c e  by means of  a d j u s t i n g  s c r e w s  , 
t h e  r e q u i r e d  f o r c e  f o r  t h i s  o p e r a t i o n  was  r e a d  by  means  o f  a 
p o i n t e r  on t h e  c i r c u l a r  d i a l  o f  t h e  t o r s i o n  b a l a n c e  .
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3 . 4 . 2  M e a su rem en t  by u s i n g  g l a s s  p l a t e  ;
I n  t h e  same m anner  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  i n t e r f a ­
c i a l  t e n s i o n  was a l s o  m e a s u r e d  u s i n g  a  g l a s s  p l a t e  .
Thus  i n  p r a c t i c e  , a v e r a g e  v a l u e s  o f  t h e  t h r e e  a b o v e  d e s c r i b e d  
t e c h n i q u e s  o f  m e a s u r i n g  i n t e r f a c i a l  t e n s i o n  f o r  e a c h  s y s t e m  w^Vt  
t a k e n
A l i s t  o f  t h e s e  p h y s i c a l  p r o p e r t i e s  o f  t h e  l i q u i d  p a i r  s t u d i e d  i n  
t h i s  i n v e s t i g a t i o n  i s  g i v e n  i n  t h e  T a b l e  2
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TABLE 2
AVERAGE PHYSICAL PROPERTIES OF MUTUALLY SATURATED LIQUIDS USED 
IN THE PRESENT INVESTIGATION
S.
No SYSTEMS
DISPERSED CONTINUOUS DISPERSED CONTINUOUS INTER
PHASE PHASE PHASE PHASE FACIAL
DENSITY DENSITY VISCOSITY VISCOSITY TENSION
1.  W a t e r - K e r o s e n e 1.0
2 .  W a t e r - K e r o s e n e  (75%) 1 . 0
+
P a r a f f i n  (25%)
3 .  W a t e r - K e r o s e n e  (50%) 1 . 0
+
P a r a f f i n  (50%)
4 .  W a t e r - K e r o s e n e  (25%) 1 . 0
+
P a r a f f i n  (75%)
5 .  W a t e r - P a r a f f i n
6 . W a t e r - D e c a n e
1.0
1.0
0 . 7 8
0 . 8 2
0 . 8 3
0 . 8 4
0.86
0 . 7 3
1.0
1.0
1.0
1.0
1.0
1.0
1 . 6
2 . 2 7
8 . 0 4
1 5 . 2
2 8 . 0
1 . 2 5
4 4 . 2 0
4 2 . 4 8
4 1 . 5 0
4 0 . 1 0
3 9 . 1 1  
2 5 . 0 0
No t e  : Above m e n t i o n e d  m i x i n g  p e r c e n t a g e s  by volume a r e  a p p r o x i m a t e d .
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4 . 0  RESULTS AND DISCUSSION
An u n d e r s t a n d i n g  o f  t h e  d i s i n t e g r a t i o n  p r o c e s s  o f  a  l i q u i d  j e t  
i n t o  an  i m m i s c i b l e  p h a s e  i s  e s s e n t i a l  f o r  d e t e r m i n a t i o n  o f  d r o p  
s i z e  a n d  f o r  t h e  c a l c u l a t i o n  o f  i n t e r f a c i a l  a r e a  p r o d u c e d  u n d e r  
t h e  j e t t i n g  c o n d i t i o n s .  D as ( 1 7 )  r e p o r t e d  t h a t  t h e  s i z e  o f  d r o p l e t s  
d e p e n d s  on t h e  j e t  d i a m e t e r  a t  t h e  p o i n t  o f  b r e a k - u p .  Anwar e t  
a l ( 2 5 )  d e m o n s t r a t e d  t h a t  t h e  d i a m e t e r  o f  t h e  j e t  v a r i e s  w i t h  j e t  
l e n g t h  ( i . e  d i s t a n c e  f r o m  o r i f i c e  ) and t h e y  d e v e l o p e d  a  mode l  
f o r  t h e  c a l c u l a t i o n  of  t h e  d i a m e t e r  a t  v a r i o u s  kn o w n  d i s t a n c e s  
f r o m  a n  o r i f i c e  b u t  t h e i r  m o d e l  ca n  n o t  be a p p l i e d  t o  d e t e r m i n e  
j e t  b r e a k - u p  l e n g t h . I n  t h e  p r e s e n t  work k n o w led g e  o f  t h e  v a r i a t i o n  
o f  t h e  j e t  d i a m e t e r  c o u p l e d  w i t h  j e t  i n s t a b i l i t y  a n a l y s i s  i s  u s e d  
a s  a t h e o r e t i c a l  b a s i s  f o r  t h e  p r e d i c t i o n  o f  t h e  j e t  l e n g t h  a n d  
t h e  d r o p  d i a m e t e r .
4 . 1  JET INSTABILITY CURVE
E x p e r i m e n t a l  v a l u e s  o f  t h e  j e t  b r e a k - u p  l e n g t h s  a g a i n s t  n o z z l e  
v e l o c i t i e s  ( a s  shown i n  F i g u r e  1 1 , T a b l e  3 ) f o r  a n  o r i f i c e  o f  
Ü . 2 5  mm d i a m e t e r  w e r e  o b t a i n e d .  From t h e s e  f i g u r e s  v a r i o u s  w e l l  
d e f i n e d  r e g i o n s  ca n  be i d e n t i f i e d .
I n  t h e  i n i t i a l  r e g i o n  ( A-B ) t h e  j e t  l e n g t h  i n c r e a s e s  l i n e a r l y  
w i t h  n o z z l e  v e l o c i t y  ( F i g  11 ) .  S u b s e q u e n t l y  t h e  r e i s  a n  a S r u p t  
l e n g t h e n i n g  o f  t h e  j e t  f rom B to  C w i t h o u t  any n o t i c e a b l e  c h a n g e  
i n  v e l o c i t y .  W i th  f u r t h e r  i n c r e a s e  i n  t h e  v e l o c i t y  , l u o  j e t
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TABLE 3
E x p e r i m e n t a l  D a ta on J e t  B r e a k - u p  L e n g t h  A g a i n s t  N o z z l e V e l o c i t y .
Sys te m  -
N o z z l e  D i a m e t e r  
W a t e r / K e r o s e n e
-  0 . 0 2 5  cm
S ys te m  - W a t e r / P a r a f f i n
S e r i a l N o z z l e J e t N o z z l e J e t
No. V e l o c i t y L e n g t h V e l o c i t y L e n g t h
cm /  s e c cm. cm / s e c cm.
1 . 8 3 . 2 0 . 2 2 8 6 . 6 0 . 4 6
2 . 8 7 . 0 0 . 2 9 9 2 . 9 0 . 5 7
3 . 9 5 . 1 0 . 4 5 1 0 5 .8 0 . 7 5
4 . 1 0 2 . 0 0 . 5 4 1 0 7 .8 1 . 0 9
5 . 1 1 4 .0 0 . 6 6 1 2 4 .3 1 . 2 4
6 . 1 2 1 .3 0 . 7 5 1 3 5 .3 1 . 3 8
7 . 1 3 3 .0 0 . 8 6 1 4 3 .5 1 . 5 3
8 . 14 6 .1 0 . 9 6 1 6 6 .6 1 . 9 2
9 . 1 5 6 . 0 1 . 1 0 1 8 6 .3 2 . 0 4
1 0 . 1 6 0 .0 1 .1 8 1 9 8 .0 2 . 1 5
1 1 . 1 6 1 .3 1 . 2 1 2 1 6 . 2 2 . 0 5
1 2 . 1 6 8 .0 1 .31 2 3 7 . 3 1 . 9 0
13. 1 8 0 .0 1 . 3 8 2 5 6 . 9 1 . 7 5
14. 1 9 1 .2 1 .41 2 6 8 .9 1 . 5 9
15. 1 9 9 .2 1 .4 7 2 8 4 . 3 1 . 5 2
16. 2 1 6 . 0 1 .35 3 0 3 . 9 1 . 4 2
17. 2 3 0 . 0 1 .2 7 3 1 8 . 4 1 . 4 1
18. 2 3 5 . 2 1 . 2 2 3 3 0 . 2 1 .4 4
19. 2 4 8 . 5 1 . 0 8 3 3 7 . 6 1 . 4 7
2 0 . 2 6 0 . 0 1 . 0 0
2 1 . 2 7 4 . 0 0 . 8 8
2 2 . 2 8 9 .1 0 . 8 0
23. 3 0 2 . 3 0 . 8 0
24. 3 18 .1 0 . 8 4
25. 3 2 9 . 0 0 . 8 8
26. 3 3 8 .2 0 . 9 2
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l e n g t h  r e a c h e s  a  maximum a l o n g  C -  D, a f t e r  a c r i t i c a l  v e l o c i t y  a t  
w h ich  maximum j e t  l e n g t h  o c c u r s ,  t h e  j e t  l e n g t h  s t a r t s  d e c r e a s i n g  
w i t h  i n c r e a s e  i n  t h e  j e t  v e l o c i t y  a l o n g  D -  E. F i n a l l y  a  f u r t h e r  
i n c r e a s e  i n  t h e  j e t  v e l o c i t y  c a u s e s  a  s m a l l  i n c r e a s e  i n  t h e  j e t  
l e n g t h  a l o n g  E -  F .
F ig  11 a l s o  shows t h e  e f f e c t  o f  v i s c o s i t y  on t h e  j e t  b r e a k - u p  
l e n g t h .  The r e s u l t s  c o n f i r m e d  p r e v i o u s  w o r k e r ' s  ( 1 6 , 1 7 , 2 5 )  c o n c l u ­
s i o n s  t h a t  t h e  j e t  b r e a k - u p  l e n g t h  i n c r e a s e s  w i t h  t h e  i n c r e a s e  i n  
t h e  v i s c o s i t y  o f  t h e  c o n t i n u o u s  p h a s e .
A t t e m p t s  by p r e v i o u s  w o r k e r s  ( 1 8  , 19 , 23 ) t o  m o d e l  t h e  e f f e c t  o f  
v a r i o u s  p a r a m e t e r s  e . g .  v i s c o s i t y ,  n o z z l e  d i a m e t e r ,  n o z z l e  
v e l o c i t y ,  e t c .  on  j e t  b r e a k - u p  l e n g t h  w e r e  r e s t r i c t e d  t o  t h e  
r e g i o n  A -  D, w here  t h e  d i s p e r s e d  p h a s e  f l o w  r a t e  i s  l o w .  However  
i n t e r f a c i a l  a r e a  c r e a t e d  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f l o w  r a t e  
o f  t h e  d i s p e r s e d  p h a s e .  T h e r e f o r e  i n  any c o n t a c t i n g  e q u i p m e n t  h i g h  
f l o w  r a t e s  o f  d i s p e r s e d  p h a s e  a r e  d e s i r a b l e  t o  a c h i e v e  h i g h  i n t e r ­
f a c i a l  a r e a .  H e n c e  t h e  f i r s t  p a r t  o f  t h e  p r e s e n t  work was m a i n l y  
c o n c e n t r a t e d  i n  t h e  r e g i o n  D -  E.
4 . 2  JET BREAK-UP LENGTH AT HIGH FLOW RATES
A n o z z l e  o f  U.20 ram d i a m e t e r  was u s e d  a n d  a n o z z l e  v e l o c i t y  was 
f i x e d  a t  261 c m / s e c .  Ttie v i s c o s i t y  o f  t h e  c o n t i n u o u s  p i ia sc  was 
v a r i e d  f rom 1 . 5  -  2 8 . 0  c . p  u s i n g  K e r o s e n e  an d  L i q u i d  p a r a f f i n  i n  
d i f f e r e n t  p r o p o r t i o n s .  The d a t a  o b t a i n e d  u n d e r  t h e  i n f l u e n c e  o f
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e x t e r n a l l y  a p p l i e d  v i b r a t i o n s  , a r e  g i v e n  I n  T a b l e s  ( 4 , 5 , 6 , 7 )  a n d  
p l o t s  o f  t h e  j e t  l e n g t h s  a g a i n s t  a p p l i e d  a m p l i t u d e  a r e  g i v e n  i n  
f i g u r e s  ( 1 2 , 1 3 , 1 4 , 1 5 ) .
4 . 2 . 1  EFFECT OF EXTERNAL VIBRATION ON JET LENGTH
I t  i s  a p p a r e n t  f rom t h e  f i g u r e s  ( 1 2 , 1 3 , 1 4 , 1 5 )  t h a t  b o t h  a m p l i t u d e  
a n d  f r e q u e n c y  o f  a p p l i e d  v i b r a t i o n s  p l a y  a n  i m p o r t a n t  r o l e  i n  
d e t e r m i n i n g  t h e  j e t  b r e a k - u p  l e n g t h  , e . g  w i t h  t h e  i n c r e a s e  o f  
a p p l i e d  a m p l i t u d e  ( T a b l e  6  ) f rom 0 . 0 0 1 8 3  mm t o  0 . 0 4 3 3  mm , t h e  
j e t  l e n g t h  d e c r e a s e s  f rom 7 . 0  t o  4 . 0  mm. S i m i l a r l y  w i t h  t h e  v a r i a ­
t i o n  o f  t h e  f r e q u e n c y  f r o m  20 0  Hz t o  4 0 0  Hz a t  k now n  a p p l i e d  
a m p l i t u d e  ( T a b l e  6  ) , t h e  j e t  l e n g t h  d e c r e a s e s  f r o m  7 . 0  t o  4 . 7  
mm.
R a y l e i g h ' s  t h e o r y  of  i n s t a b i l i t y  r e l a t e s  t h e  j e t  l e n g t h  w i t h  t h e  
n o z z l e  d i a m e t e r  and v e l o c i t y  a s  f o l l o w s  ;
U an , n
In-g-- [Rl]
o
W h e r e  ; U ^ -  N o z z l e  v e l o c i t y ,  B -  G ro w th  r a t e  o f  maximum g r o w i n g
d i s t u r b a n c e ,  a -  N o z z l e  r a d i u s ,  an d  3  -  I n i t i a l  a m p l i t u d e  o f  n o
maximum g r o w i n g  d i s t u r b a n c e  a t  th e  n o z z l e  e x i t .
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F i g u r e  12 ; P l o t  o f  E x p e r i m e n t a l  J e t  L e n g t h  and A p p l i e d  A m p l i t u d e
Sys te m  -  W a te r  /  K e r o s e n e
X _ 2 0 0 Hz
V - 250 Hz
+  - 300 Hz
O " 350 Hz
o *” 400 Hz
-
450 Hz
CD
D- 03'
/1ppl»«d flpipllludo mm
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F i g u r e  13 ; P l o t  o f  E x p e r i m e n t a l  J e t  L e n g t h  and A p p l i e d  A m p l i t u d e
S y s te m  -  
X -
V -  
+  -  
O “  
*
*
W a te r  /  25P + 75K
2 0 0 Hz
250 Hz
300 Hz
350 Hz
400 Hz
450 Hz
o£
£
r
CD
Co
0)
D.02< 0.  03'
flppll«d flmpllluao mm
0 . os'
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F i g u r e  14 : P l o t  o f  E x p e r i m e n t a l  J e t  L e n g t h  and A p p l i e d  A m p l i t u d e
S y s te m  -  W a te r  /  50P +  50K
X _
2 0 0 Hz
V - 250 Hz
+  - 300 Hz
O - 350 Hz
o 400 Hz
X ~ 450 Hz
1
0.05'
f îppllsü Bmp 1 Itudo mm
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F i g u r e  15 : P l o t  o f  E x p e r i m e n t a l  J e t  L e n g t h  and A p p l i e d  A m p l i t u d e
S y s te m  -  
X _
V  - 
+  - 
o  -  
o  
*
W a te r  /  75P + 25K
200 Hz
250 Hz
300 Hz
350 Hz
400 Hz
450 Hz
1
E£
jC
CBCo <30
9*->
0 .  05'0 . 0 2 *
flppllod flmplftudo mm
0 . 0 3 '
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TABLE 4 
ORIFICE DIAMETER : 0.020 Cm 
SYSTEM : WATER / Kerosene 
JET VELOCITY : 2610 mm/Sec
SEQUENCE
NUMBER
EXPERIMENTAL 
JET LENGTH mm
AMPLITUDE mm FREQUENCY
1 7.0 .00868 200
2 6.0 .01768 200
3 5.5 .02600 200
i 5.0 .03475 200
5 4.7 .04344 200
6 6.3 .00556 250
7 5.2 .01120 258
8 5.0 .01660 250
9 4.6 .02144 250
10 4.0 .02780 250
11 6.0 .08413 380
12 5.5 .00794 308
13 5.0 .01210 300
14 4.0 .01509 300
15 3.9 .01985 300
16 6.0 .00283 350
17 5.4 .00608 350
18 5.0 .00892 350
13 4.5 .01178 350
20 4.2 .01418 358
21 6.0 .00232 400
22 5.0 .00465 400
23 4.8 .00682 400
24 4.5 .00899 408
25 3.9 .01110 400
26 6.8 .00183 450
27 5.5 .00392 450
28 5.0 .00563 450
4 .3 .00735 450
30 4.0 .00931 450
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TABLE 5
ORIFICE DIAMETER : 0.020 Cm
SYSTEM : WATER / 25P+75K
JET VELOCITY : 2610 mm/Sec
SEQUENCE
NUMBER
EXPERIMENTAL 
JET LENGTH mm
AMPLITUDE mm FREQUENCY Hv
1
2
3
4
5
6
7
8  
9
10
1 1
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
7.0
6.0 
55.0
5.5
4.5
7.0
6 .0
5.8
4.5
4.5 
6.1  
5.1
5.0
4.5
5.0
7.0
6.8
5.5
5.0
5.0
6.5
6.0
5.5
5.0
5.0 
6.8
5.5 
5.4 
5.2
4.0
.00868 
.01768 
.02600 
.03475 
.04344 
.00556 
. 0 1 1 2 0  
.01660 
.02144 
.02780 
.00413 
.00794 
. 0 1 2 1 0  
.01509 
.01985 
.08283 
.00608 
.00892 
.01170 
.01418 
.00232 
.00465 
.00682 
.00899 
. 0 1 1 1 0  
.00183 
.00392 
.00563 
.00735 
.00931
200
200
200
200
200
250
250
250
250
250
300
300
300
300
300
350
350
350
350
350
400
400
400
400
400
450
450
450
450
450
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TABLE 6 
ORIFICE DIAMETER : 0.020 Cm 
SYSTEM : WATER / 50P+50K 
JET VELOCITY : 2610 mm/Sec
SEQUENCE
NUMBER
EXPERIMENTAL 
JET LENGTH mm
AMPLITUDE mm FREQUENCY H^
1 6.5 .00868 200
2 5.8 .01768 200
3 5.2 .02600 200
4 5.0 .03475 200
5 4.7 .04344 200
6 6.7 .00556 250
7 6.0 .01120 250
8 5.5 .01666 250
9 5.5 .02144 250
10 5.0 .02780 250
1 1 6.4 .00413 300
12 6.0 .00784 300
13 5.0 .01210 300
14 5.7 .01509 300
15 4.9 .01885 300
16 7.0 .00283 350
17 6.2 .00607 350
18 5.7 .00892 350
19 4.5 .01170 350
20 5.0 .01418 350
21 7.0 .00232 400
22 6.0 .00465 400
23 5.7 .00682 400
24 5.5 .00899 400
25 5.0 .01111 400
26 7.0 .00183 450
27 5 . 8 .00392 450
28 5 . 5 .00563 450
29 5.0 .0 07 35
30 5.0 .00931 450
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TABLE 7 
ORIFICE DIAMETER : 0.020 Cm 
SYSTEM : WATER x 75P+25K 
JET VELOCITY : 2610 mm/Sec
SËQUENC
NUMBER
EXPERIMENTAL 
JET LENGTH mm AMPLITUDE mm FREQUENCY Hz
1
2
3
4
5
6
7
8  
8
10 
1 1 
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
7.5
6.5 
6 . 0
5.5
5.0
7.5 
6.8 
6.2 
5.8
5.0
7.5
5.7
5.7
5.0
6.0
7.5
6.5 
6.0
5.0
5.2
7.0
6.0 
6.0
5.6
5.0
7.5
6.0
5.5
5.2 
5.0
.00868 
.01768 
.02600 
.03475 
-04344 
.00556 
.01120 
.01660 
.02144 
-.02780 
.00413 
.00784 
.01210 
.01509 
.01985 
.00283 
.00607 
.00892 
.01170 
.01 418 
.00232 
.00465 
.00682 
.00899 
. 0 1 1 1 1  
.00183 
.00392 
.00563 
.00735 
.00931
200
200
200
200
200
250
250
250
250
250
300
300
300
300
300
350
350
350
350
350
400
400
400
400
400
450
450
450
450
450
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P r e v i o u s  w o r k e r s  ( 1 8 , 1 9 )  who have u s e d  t h i s  e q u a t i o n  i n  a t t e m p t i n g
t o  c o r r e l a t e  t h e i r  r e s u l t s  i n  t h e  r e g i o n  A-D ( F i g  11)  have  t a k e n
t h e  i n i t i a l  a m p l i t u d e  o f  maximum g r o w i n g  n a t u r a l  d i s t u r b a n c e  ( à  )
o
a s  a  f u n c t i o n  o f  t h e  i n d i v i d u a l  n o z z l e  ( d e p e n d i n g  on t h e  t y p e  and  
on t h e  r o u g h n e s s  a t  t h e  s u r f a c e  o f  t h e  n o z z l e  ) .  A n u m b e r  o f
i n v e s t i g a t o r s  ( 1 6 , 1 7 , 1 8 , 1 9  ) have  r e p o r t e d  t h e  v a l u e  o f  I n - ^ -  a s
o
a  c o n s t a n t  f o r  an  i n d i v i d u a l  n o z z l e  and t a k e n  t h e  v a l u e  a s  6 .
F ro m  f i g u r e s  ( 1 2 , 1 3 , 1 4 , 1 5 )  i t  ca n  be s e e n  t h a t  when an  e x t e r n a l  
f o r c e d  v i b r a t i o n  i s  a p p l i e d  , t h e  e x p e r i m e n t a l  j e t  l e n g t h  s h o w j j a  
c l e a r  e f f e c t  o f  t h e  a p p l i e d  v i b r a t i o n ^  wJhich l e a d  t o  t h e  c o n c l u ­
s i o n  t h a t  I n - g -  c a n n o t  be  a c o n s t a n t  v a l u e .  I n  t h e  p r e s e n t
i n v e s t i g a t i o n  a t t e m p t s  have  bee n  made t o  m o d i fy  R a y l e i g h ' s  e q u a ­
t i o n  t o  t a k e  i n t o  a c c o u n t  t h i s  e f f e c t .  I n i t i a l l y  i t  i s  a s s u m e d  
t h a t  t h e  a p p l i e d  v i b r a t i o n s  i s  t h e  o v e r - r i d i n g  f a c t o r  i n  t h e  
d i s i n t e g r a t i o n  o f  t h e  j e t ,  and t h e  a m p l i t u d e  o f  max imum g r o w i n g  
d i s t u r b a n c e  ( 3 ^  ) c a n  be r e p l a c e d  by t h e  v a l u e  o f  a p p l i e d  a m p l ­
i t u d e  ( Ô ) .  Thus e q u a t i o n  1 c a n  be w r i t t e n  a s  ;
U an -, n
B—   I. ,
à
Where ; 3 -  i s  . i p p l i - u  aiiipL i.rude
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P l o t s  o f  e x p e r i m e n t a l  j e t  l e n g t h  v s  I n — a r e  g i v e n  i n  f i g u r e s  
1 6 , 1 7 , 1 8 , 1 9  .
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Figure 16
SYSTEM - WATER / KEROSENE 
Nozzle diameter - 0.020Cm
* - 200 Hz 
V - 250 Hz
❖ - 300 Hz 
a - 350 Hz 
A — 400 Hz 
o - 450 Hz
1 0 -
%cQ>
6 J
*
V
2 j
- r - -
2
Ln a^à
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Figure 17
SYSTEM - WATER / 25P+75K 
Nozzle diameter - 0.820 Cm
K - 200 Hz
V - 250 Hz 
o - 300 Hz 
a - 350 Hz 
A - 400 Hz 
o - 450 Hz
8 j
J  gJ
I  II 4 j XV
2 j
Ln a /8
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Figure 18
SYSTEM - WATER / 50P+50K 
Nozzle diameter - 8.820 Cm
K - 208 Hz
V - 250 Hz
❖ - 300 Hz
D - 350 Hz
A — 400 Hz
O - 450 Hz
18_
V 0
SI
8
»
6 j
4 j
m
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7 I = 4 "  °
^  ^ A O
A O 
O
2 J
_ j  . . .
3
Ln a/8
" T  -
5
90
1 0 .
84
Figure 19
SYSTEM - WATER / 75P+25K 
Nozzle diameter - 0.020 Cm
* - 200 Hz 
V - 250 Hz
❖ - 300 Hz 
D - 350 Hz 
A ~ 400 Hz 
o - 450 Hz
r.
"o»
g
s j
*-> 44
24
3
r
5
Ln a/6
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4 . 2 . 2  GROWTH RATE OF DISTURBANCE
I t  c a n  be s e e n  f r o m  t h e  F i g u r e s  ( 1 6 , 1 7 , 1 8 , 1 9 )  t h a t  a t  a f i x e d  
f r e q u e n c y  a  l i n e a r  r e l a t i o n s h i p  d o es  e x i s t  b e t w e e n  j e t  l e n g t h  and 
a
I n - j -  , b u t  f o r  t h e  r a n g e  o f  f r e q u e n c y  i n v e s t i g a t e d  , t h e  p l o t s
s h o w s  a c o n s t a n t  s lo p e  ( F i g  1 6 , 1 7 , 1 8 , 1 9 )  i n d i c a t i n g  U ^ /B  i s
c o n s t a n t  ( e q u a t i o n  R 2 ) .  As t h e  v a l u e  o f  i s  f i x e d  i t  f o l l o w s
t h a t  B m u s t  a l s o  t a k e  a  c o n s t a n t  v a l u e  , w h i c h  l e a d  t o  t h e  
c o n c l u s i o n  t h a t  B i s  i n d e p e n d e n t  of  t h e  a p p l i e d  f r e q u e n c y .
T o r a o t i k a  ( 8 ) d e v e l o p e d  a r e l a t i o n s h i p  f o r  t h e  g r o w t h  r a t e (  B ) o f  
t h e  d i s t u r b a n c e  on t h e  s u r f a c e  o f  t h e  j e t  a s  ;
8 Cr, ( 1 - )ka ,
P ,  ^ Pc
^ '  i j k a )  p j  K ^ ( k a )
Where ka i s  t h e  wave number  and can be r e l a t e d  t o  t h e  f r e q u e n c y  a s
Where f  i s  th e  f r e q u e n c y  o f  t h e  d i s t u r b a n c e  on th e  s u r f a c e  o f  t h e  
iet -  ;u u l U ;■ s Liu* a o z / .  Lc v e l o c i t y .  A number o f  w o r k e r s  ( 1 7 , 2 5  )
have  used t h i s  e q u a t i o n  to  d e t e r m i n e  th e  v a l u e  o f  g r o w t h  r a t e (  B ) 
o f  t h e  n p p l i c d  d i s t u L u a u c c .  T h e o r e t i c a l l y  c a l c u l a t e d  B v a l u e s
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( u s i n g  e q u a t i o n  R3) f o r  t h e  c o n d i t i o n  e m p l o y e d  i n  t h e  p r e s e n t  
w o r k  a r e  p l o t t e d  a g a i n s t  wave number  , ka , i n  F i g u r e  2 0 , 2 1  an d  
f o r  t h e  r a n g e  o f  e x p e r i m e n t a l  f r e q u e n c i e s  ( 20 0  Hz t o  4 0 0  Hz ) 
v a l u e s  a r e  g i v e n  i n  T a b l e  ( 8 )
The p l o t s  i n  F i g u r e s  ( 1 6 , 1 7 , 1 8 , 1 9 )  hav e  a l r e a d y  d e m o n s t r a t e d  t h a t  
t h e  g r o w t h  r a t e  ( B ) i s  c o n s t a n t  ( c o n s t a n t  s l o p e  U^/B ) ,  i . e
a p p l i e d  v i b r a t i o n  h a s  no e f f e c t  on t h e  g r o w t h  r a t e .  I n  t h e  l i g h t  
o f  t h i s  f a c t  , T o m o t i k a ' s  e q u a t i o n  ca n  n o t  be a p p l i e d  t o  g e n e r a t e  
'B ' v a l u e s  t o  be u s e d  i n  t h e  p r e d i c t i o n  o f  t h e  j e t  l e n g t h ,
4 . 2 . 3  PREDICTION OF THE JET LENGTH
The p l o t s  i n  f i g u r e s  ( 1 6 , 1 7 , 1 8 , 1 9 )  a l s o  show t h a t  t h e  j e t  l e n g t h  
i s  a  f u n c t i o n  o f  t h e  a p p l i e d  f r e q u e n c y  , But R a y l e i g h ' s  e q u a t i o n  
d o es  n o t  a l l o w  f o r  t h i s  i n t e r a c t i o n .  The g r o w t h  r a t e  ( B ) i s  
c o n s t a n t  a n d  i n d e p e n d e n t  o f  t h e  a p p l i e d  f r e q u e n c y  , h e n c e  t h e  
e f f e c t  o f  t h e  i n t e r a c t i o n  ca n  o n l y  be c o n t a i n e d  i n  t h e  v a l u e  o f  ^
I t  i s  c l e a r  f rom t h e s e  p l o t s  ( F i g u r e s  1 6 , 1 7 , 1 8 , 1 9 )  t h a t  t h e  s l o p e  
U^/B  i s  c o n s t a n t  f o r  a f i x e d  f r e q u e n c y  and th e  v a l u e  o f  i n t e r c e p t
v a r i e s  w i t h  f r e q u e n c y .  T h u s  e q u a t i o n  R2 s h o u l d  be m o d i f i e d  t o  
a l l o w  f o r  t h i s  b e h a v i o u r .  We ca n  w r i t e  e q u a t i o n  R2 a s  ;
4000„
Figure 20
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SYSTEM 
ORIFICE DIAMETER
WATER / KEROSENE 
0.015 cm A 
0.020 cm *
0.025 cm V
3200J
24004
16004
1 .0 0
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Figure 21
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WATER X 25P+75K *
WATER X 50P+50K v 
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TABLE -  8
V a r i a t i o n  o f  t h e  g r o w t h  r a t e  w i t h  a p p l i e d  f r e q u e n c y .
S e r i a l  
No.
A p p l i e d
F r e q u e n c y
(Hz)
Wave
Number
( k a )
Growth
r a t e
( s e c
1 . 2 0 0 0 . 0 4 8 265
2 . 250 0 . 0 5 0 318
3. 300 0 . 0 7 2 370
4 . 350 0 . 0 8 2 450
5. 400 0 . 0 9 6 500
6 . 450 0 . 1 0 8 526
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Ü a '
= l a — + C [R5]
Where i n t e r c e p t  ,C,  i s  a  f u n c t i o n  o f  a p p l i e d  f r e q u e n c y .
To t a k e  i n t o  a c c o u n t  t h e  e f f e c t  o f  f r e q u e n c y  on 6  and d e v e l o p  a 
r e l a t i o n s h i p  t o  c o r r e l a t e  t h e  e x p e r i m e n t a l  d a t a  w i t h o u t  g e n e r a t i n g  
a  s e r i e s  of  i n t e r c e p t  v a l u e s  , f o r  d i f f e r e n t  f r e q u e n c i e s  , we c a n  
w r i t e  ;
U
——— InK [R6 j
T h e r e f o r e
o r
U a  U
= ———— I n —2 —  "f — I nK [R7]B o —  B
Where K i s  a  f u n c t i o n  of  f r e q u e n c y  w h ich  can be r e l a t e d  i n t e r m s  o f  
a p o l y n o m i a l  f u n c t i o n  a s
X  = 5 (p 5 i)
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Where
P o l  = 4- A^f +  A^f^
W here  f  I s  t h e  f r e q u e n c y  o f  t h e  a p p l i e d  v i b r a t i o n .  The f i n a l  
e q u a t i o n  t h u s  ca n  be w r i t t e n  a s  ;
U a
———  I n ------------  [RlOj
6 ( P o i )
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4 . 2 . 4  CORRELATION ÜF DATA
The v a l u e  o f  t h e  c o n s t a n t s  i n  e q u a t i o n  R9 were  d e t e r m i n e d  by u s i n g  
a m i n i m i s a t i o n  t e c h n i q u e  p r o p o s e d  by N e l d e r  an d  Mead ( 3 9 ) .  They 
h a v e  g e n e r a l i s e d  t h e  s i m p l e x  m e th o d  d e s c r i b e d  by S p e n d l e y  e t  a l  
( 4 0 )  f o r  m i n i m i s a t i o n  o f  a f u n c t i o n  o f  n v a r i a b l e s .  The N e l d e r  
and Mead method  a c c e l e r a t e s  t h e  s i m p l e x  m e th o d  a n d  m a k e s  i t  m o re  
g e n e r a l .  I t  a d a p t s  i t s e l f  t o  a  l o c a l  l a n d s c a p e  , u s i n g  r e f l e c t e d  
, ex p a n d e d  and c o n t r a c t e d  p o i n t  t o  l o c a t e  t h e  minimum.
The m i n i m i s a t i o n  i s  a c c o m p l i s h e d  i n  t h e  f o l l o w i n g  s t e p s
1. S t a r t  an  i n i t i a l s i m p l e x  ( x ^ , x ^ ............. - , . x   ^ ) by s e l e c t i n g
’‘.1 + 1  “  ’‘i  +  ^ 1
W h ere  x^ i s  c h o s e n a r b i t r a r i l y a^ c a n  be d e t e r m i n e d  f r o m  t h e
f o l l o w i n g  t a b l e
i  a - . a« . . . . . . . a
1 , 1 2 , 1 n - 1 , i n , i
2  P Q Q Q
3 Q P Q Q
n Q Q p Q
n+ 1  Q Q Q p
Where n - i s  t o t a l  number o f  v a r i a b l e
a - i s  th e  s i d e  l e n g t l i  o f  th e  s i m p l e x
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P= + n —1
2.  Once t h e  s i m p l e x  i s  fo rmed  , t h e  o b j e c t i v e  f u n c t i o n  i s  e v a l ­
u a t e d  a t  e a c h  p o i n t .  The w o r s t  p o i n t  ( h i g h  v a l u e  o f  o b j e c t i v e  
f u n c t i o n  i n  m i n i m i s a t i o n  ) i s  r e p l a c e d  by a new p o i n t .  To do t h i s  
N e l d e r  a n d  Mead a p p l i e d  t h r e e  b a s i c  o p e r a t i o n s  t o  f i n d  a  minimum 
a s  f o l l o w s
a .  REFLECTION STEP : Where x ^  i s  r e p l a c e d  by r e p l a c i n g  x ^  a s
’‘r  = Xj, +  or ( Kp -  )
W here  i s  a p o s i t i v e  c o n s t a n t  ( or > Q ) d e t e r m i n i n g  t h e  
amount  o f  r e f l e c t i o n .
b .  EXPANSION STEP : Where  x ^  i s  e x p a n d e d  i n  t h e  d i r e c t i o n
a l o n g  w h ich  a  b e t t e r  o b j e c t i v e  f u n c t i o n  v a l u e  i s  e x p e c t e d  by u s i n g  
t h e  r e l a t i o n
Xj, = Xp +  7 (X p  +  x ^ )
W he re  7  i s  a p o s i t i v e  e x p a n s i o n  f a c t o r  , g r e a t e r  t h a n  1 , 
d e t e r m i n i n g  t h e  amount  o f  e x p a n s i o n .
c .  CONTRACTION STEP : F o r  c o n t r a c t i n g  t h e  s i m p l e x  by
co m p u t in g
x ^  =  Xp +  ( X,J -  X p  )
Where 0 < \  i su LiiaL Lu.i.s v e r t e x  d o e s  n u t  c o r r e s p o n d  t o
t h e  l a r g e s t  f u n c t i o n  v a l u e .
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I f  t h e  c a l c u l a t i o n  e x p a n s i o n  p o i n t  i s  a n  i m p r o v e m e n t  o v e r  t h e  
r e f l e c t e d  p o i n t  , t h e  r e f l e c t e d  p o i n t  i s  r e p l a c e d  by e x p a n s i o n  
p o i n t  and we s t a r t  t h e  p r o c e s s  , o t h e r w i s e  r e f l e c t i o n  p o i n t  i s  
r e t a i n e d  and we s t a r t  t h e  p r o c e s s .
3 .  The p r o c e d u r e  i s  t e r m i n a t e d  when a  s t a  t e d  c o n v e r g e n c e  c r i t ­
e r i o n  i s  s a t i s f i e d  o r  a s p e c i f i e d  number o f  i t e r a t i o n s  i s  e x c e e d e d .  
The c o n v e r g e n c e  c r i t e r i o n  i ■ i n  t h i s  method  i s
Con = - z ^ ) ^  -  ( z ^  -  Zj )^VN
i = »
Where o b j e c t i v e  f u n c t i o n
z^  t h e  f u n c t i o n  v a l u e  o f  t h e  c e n t r o i d
z ^  t h e  h i g h e s t  f u n c t i o n  v a l u e  i n  s i m p l e x
To a p p l y  t h i s  method t h e  o b j e c t i v e  f u n c t i o n  , F ,  i s  d e f i n e d  a s ;  
F = WlL L( l )  -  HALA(l)
Where
W lL L ( l )  = EXP [ - — - - ]  
n
HALA(l) =
P o l  = A^ + A^f +  A^f 2
P u t t i n g  t h e  g u e s s e d  v a l u e s  of  th e  c o n s t a n t s  ttie o b j e c t i v e  f u n c t i o n  
F,  i s  c a l c u l a t e d  f u r  e v e r y  e x p e r i m e n t a l  p o i n t .
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The f l o w  c h a r t  f o r  t h e  a l g o r i t h i m  i s  g i v e n  i n  F i g , 22 an d  a l i s t i n g  
o f  t h e  c o m p u t e r  p r o g r a m  i s  g i v e n  i n  a p p e n d i x  ( A l )
The  v a l u e s  o f  t h e  c o n s t a n t s  o f  t h e  e q u a t i o n  R9 o b t a i n e d  by t h i s  
o p t i m i s a t i o n  t e c h n i q u e  were  s u b s t i t u t e d  t o  p r e d i c t  t h e  j e t  l e n g t h .  
T h e  e x p e r i m e n t a l  a n d  p r e d i c t e d  r e s u l t s  a r e  g i v e n  i n  T a b l e $
a
9 , 1 0 , 1 1 , 1 2  a n d  p l o t s  o f  j e t  l e n g t h  v s  a t e  g i v e n  i n
F i g u r e s  2 3 , 2 4 , 2 5 , 2 6
T h ese  r e s u l t s  show a  r e a s o n a b l y  g o o d  a g r e e m e n t  b e t w e e n  t h e  e x ­
p e r i m e n t a l  a n d  p r e d i c t e d  r e s u l t s  ( T a b l e  9 , 1 0 , 1 1 , 1 2 ) .  The maximum 
d i f f e r e n c e  b e t w e e n  t h e  e x p e r i m e n t a l  and p r e d i c t e d  j e t  l e n g t h s  l i e s  
w i t h i n  t h e  r a n g e  o f  0 . 8  mm. ( T a b l e  9 , 1 0 , 1 1 , 1 2 ) .
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Figure 23
SYSTEM - WATER / KEROSENE 
Nozzle diameter - 0.020Cm
X EXPERIMENTAL 
  THEORETICAL
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Figure 24
SYSTEM ~ WATER / 25P+75K
Nozzle diameter - 0.028 Cm
X EXPERIMENTAL 
—  THEORETICAL
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Figure 25 
SYSTEM - WATER / 50P+50K
Nozzle diameter 0.020 Cm
X EXPERIMENTAL 
  THEORETICAL
0 2 i  6 8 IB 12
Ln a/6 w POL
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Figure 26
SYSTEM - WATER / 75P+25K 
Nozzle diameter - 0.020 Cm
X EXPERIMENTAL 
  THEORETICAL
I
6 J
10 12
Ln ay  d *  POL
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TABLfc ^
ORIFICE DIAMETER : 0.020Cm 
SYSTEM : WATER / KEROSENE 
JET VELOCITY : 2C10 mm/Sec
SEQUENCE
NUMBER
EXPERIMENTAL 
JET LENGTH mm
THEORETICAL 
JET LENGTH mm
1 7.0000 6.1847
2 6.0000 5.3795
3 5.5000 4.9430
5.0000 4.6147
5 4.7000 4.3620
6 6.3000 6.1970
7 5.2000 5.4044
8 5.0000 4.9590
9 4.6000 4.6695
10 4.0000 4.3754
1 1 6.0000 6.0212
12 5.5000 5.2814
13 5.0000 4.8046
1 4 4.0000 4.5546
15 3.9000 4.2443
16 6.0000 5.9871
17 5.4000 5.1215
18 5.0000 4.6877
19 4.5000 4.3807
20 4.2000 4.1631
21 6.0000 5.8086
22 5.0000 5.0216
23 4.8000 4.5882
24 4.5000 4.2755
25 3.9000 4.0369
26 6.0000 5.7250
27 5.5000 4.8628
28 5.0000 4.4530
29 4.3000 4.1513
30 4.0000 3.8838
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TABLE 10 
ORIFICE DIAMETER : 0.020 Cm 
SYSTEM : WATER x 25P+75K 
JET VELOCITY : 2610 mmxSec
SEQUENCE
NUMBER
EXPERIMENTAL 
JET LENGTH mm
THEORETICAL
JET LENGTH mm
1 7.0000 6.4740
2 6.0000 5.6285
3 5.0000 5.1701
4 5.5000 - 4.8253
5 4.5000 4,5600
6 7.0000 6.7886
7 6.0000 5.9562
8 5.8000 5.4885
9 4.5000 5.1844
10 4.5000 4.8757
11 6.1000 6.7044
12 5.1000 5.9275
13 5.0000 5.4268
14 4.5000 5.1643
15 5.0000 4.8385
16 7.0000 6.6705
17 6.0000 5.7616
18 5.5000 5.3060
19 5.0000 4.9836
20 5.0000 4.7551
21 6.5000 6.4545
22 6.0000 5.6281
23 5.5000 5.1729
24 5.0000 4.8446
25 5.0000 4.5940
26 6.8000 6.3327
27 5.5000 5.4273
28 5.4000 4.9970
29 5.2000 4.6802
30 4.0000 4.3992
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TABLE 11 
ORIFICE DIAMETER : 0.020 Cm 
SYSTEM : WATER x 50P+50K 
JET VELOCITY : 2610 mmxSec
SEQUENCE
NUMBER
EXPERIMENTAL 
JET LENGTH mm
THEORETICAL
JET LENGTH mm
1 6.5000 6.5405
2 5.8000 5.7123
3 5.2000 5.2634
4 5.0000 4.9257
5 4.7000 4.6658
6 6.7000 7.0848
7 6.0000 6.2695
8 5.5000 5.8872
3 5.5000 5.5136
10 5.0000 5.2112
11 6.4000 7.0645
12 6.0000 6.3036
13 5.0000 5.8131
14 5.7000 5.5561
15 4.9800 5.2369
16 7.0000 6.9896
17 6.2000 6.1013
18 5.7000 5.6531
19 4.5000 5.3373
20 5.0000 5.1135
21 7.0000 6.7172
22 6.0000 5.9078
23 5.7080 5.4619
24 5.5000 5.1403
25 5.0000 4.8938
26 7.0000 6.5444
27 5.8000 5.6576
28 5.5000 5.2362
29 5.0000 4.9258
30 5.0000 4.6506
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TABLE 1 2 
ORIFICE DIAMETER : 0.020 Cm 
SYSTEM : WATER x 75P+25K 
JET VELOCITY : 2610 mmxSec
SEQUENCE
NUMBER
EXPERIMENTAL 
JET LENGTH mm
THEORETICAL 
JET LENGTH mm
1 7.5000 6.8672
2 6.5000 5.9766
3 6.0000 5.4938
4 5.5000 5.1307
5 5.0000 4.8513
6 7.5000 7.4172
7 6.8000 6.5405
8 6.2000 6.0479
9 5.8000 5.7276
10 5.0000 - 5.4025
1 1 7.5000 7.4251
12 5.7000 6.6069
13 5.7000 6.0795
14 5.0000 5.8031
15 6.0000 5.4599
16 7.5000 7.3904
17 6.5000 6.4352
18 6.0000 5.9533
19 5.0000 5.6137
20 5.2000 5.3731
21 7.0000 7.1326
22 6.0000 6.2622
23 6.0000 5.7828
24 5.6000 5.4370
25 5.0000 5.1720
26 7.5000 6.9705
27 6.0000 6.0169
28 5.5000 5.5637
29 o.20C0 5.2300
30 5.0000 4.9341
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4 . 3  JET BREAK-UP LENGTH AT LOW FLUWRATES
M o s t  p r e v i o u s  w o r k e r s  ( 1 6 , 1 7 , 1 8 , 2 3 )  e m p l o y e d  r e l a t i v e l y  l o w  
v e l o c i t i e s  ( F i g .  3 ,  A -  D ) i n  t h e i r  s t u d i e s  o f  d i s i n t e g r a t i o n  o f  
l a m i n a r  l i q u i d  j e t s .  I n  t h e i r  a n a l y s i s  t h e y  a s s u m e d  a  f a s t e s t  
g ro w i n g  n a t u r a l  wave on t h e  s u r f a c e  o f  t h e  j e t  and  c a l c u l a t e d  i t s  
g r o w t h  r a t e  u s i n g  T o m o t i k a ' s  m o d e l .  I n  p r a c t i c e  i t  was  f o u n d  
n e c e s s a r y  t o  a d j u s t  t h e  f r e q u e n c y  by t r i a l  a n d  e r r o r  t o  a c h i e v e  
m o n o s i z e  d r o p l e t s .  T h i s  c o n f i m e d  t h e  c o n c l u s i o n  d r a w n  i n  t h e  
p r e v i o u s  s e c t i o n  t h a t  T o m o t i k a ' s  a n a l y s i s  d o e s  n o t  a d e q u a t e l y  
c o v e r  t h e  b e h a v i o u r  o f  t h e  j e t .
D u r i n g  t h e  p r e s e n t  i n v e s t i g a t i o n  i t  was o b s e r v e d  t h a t  by t r i a l  and 
e r r o r ,  i t  was e a s i e r  t o  l o c a t e  t h e  f r e q u e n c y  o f  t h e  im posed  v i b r a ­
t i o n  f o r  t h e  p r o d u c t i o n  o f  t h e  m o n o s i z e  d r o p l e t s  i n  t h e  r e g i o n  A -  
D t h a n  i n  t h e  r e g i o n  D — F.  T hese  o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  
t h e  a s s u m p t i o n  made by p r e v i o u s  w o r k e r s  ( 16 , 17 ) t h a t  o n e  f a s t e s t  
n a t u r a l  d i s t u r b a n c e  i s  p r e d o m i n a n t  i n  t h e  d i s i n t e g r a t i o n  o f  t h e  
j e t  i n  t h e  r e g i o n  A -  D. T h e i r  a s s u m p t i o n  m a k e s  t h e  t h e o r e t i c a l  
a n a l y s i s  e a s i e r  and i t  s h o u l d  be p o s s i b l e  t o  combine  t h e  e f f e c t  o f  
one  n a t u r a l  and one impo sed  v i b r a t i o n  on t h e  j e t .  The r e s u l t a n t  
s i m p l i f i e d  m o d e l  i s  e x p e c t e d  t o  g i v e  a b e t t e r  r e p r e s e n t a t i o n  o f  
t h e  b e h a v i o u r  o f  t h e  j e t .
i he lU ' jue l  d e v e l o p e d  p r e v i o u s l y  ( e r  Liie r e g i o n  D — F e m p lo y e d  a 
p o l y n o m i a l  to  t a k e  i n t o  a c c o u n t  the  e f f e c t  o f  n a t u r a l  a n d  a p p l i e d  
d i s t u r b a n c e s  on t h e  j e t .  At l ow t 1 o w r a t e s , t h i s  m o d e l  w i l l  be
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s i m p l i f i e d  t o  t a k e  i n t o  a c c o u n t  t h i s  a s s u m p t i o n  t h a t  o n l y  o n e  
n a t u r a l  wave i s  p r e d o m i n a n t .
I t  was  r e p o r t e d  i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  j e t  l e n g t h  
m e a s u r e m e n t s  w e r e  t a k e n  w i t h o u t  c o n s i d e r i n g  t h e  p r o d u c t i o n  o f  
m o n o s i z e d  d r o p l e t s .  The d i s i n t e g r a t i o n  o f  t h e  l i q u i d  j e t  i n  t h e s e  
e x p e r i m e n t s  d i d  n o t  p r o d u c e  m o n o s i z e  d r o p l e t s  ( i t  was p r o d u c i n g  
m ixed  d r o p s  a t  1 Node, 2 Node o r  3 Node e t c .  ) a n d  t h e  r e s u l t a n t  
d r o p  d i a m e t e r  v a r i e d  f r o m  0 . 2  mm. ( s m a l l e s t  d r o p  ) t o  1 . 2  mm 
( l a r g e s t  d r o p  ) a s  shown i n  t h e  p l a t e  ( 4 | ) . The S t i l l  p h o t o g r a p h i c  
t e c h n i q u e  a p p l i e d  t o  d e t e r m i n e  t h e  j e t  l e n g t h  was n o t  s u f f i c i e n t l y  
a c c u r a t e  t o  c a p t u r e  e x a c t  p o i n t  o f  b r e a k - u p  on e v e r y  o c c a s i o n ,  and 
t h e  j e t  l e n g t h  m e as u rem en t  v a r i e d  w i t h  t h e  r e s u l t a n t  d r o p - s i z e ,  a s  
shown i n  p l a t e  5 . T h i s  i n t r o d u c e d  a n  e r r o r  i n  t h e  m e a s u r e d  j e t  
l e n g t h  e q u a l  t o  t h e  d i f f e r e n c e  i n  d r o p  d i a m e t e r s .  T h i s  a g r e e s  w i t h  
t h e  d i f f e r e n c e  b e t w e e n  t h e  e x p e r i m e n t a l  a n d  p r e d i c t e d  v a l u e s  o f  
t h e  j e t  l e n g t h  i n  t h e  p r e v i o u s  s e c t i o n .
T h e s e  o b s e r v a t i o n s  l e a d  t o  t h e  c o n c l u s i o n  t h a t  t h e  j e t  l e n g t h  
v a r i a t i o n  d u e  t o  d i f f e r e n t  s i z e d  r e s u l t a n t  d r o p s  s h o u l d  be  
a v o i d e d ;  j e t  l e n g t h  m e a s u r e m e n t  s h o u l d  o n l y  b e  t a k e n  w h e r e  
m o n o s i z e  d r o p s  a r e  p r o d u c e d .  At t h i s  s t a g e  o f  e x p e r i m e n t a l  work a 
v i d e o  f i l m  t e c h n i q u e  was a l s o  a v a i l a b l e  w h ich  h e l p e d  t o  d e t e r m i n e  
t h e  e x a c t  p o i n t  o f  b r e a k - u p  f o r  t h e  m e a s u r e m e n t  o f  t h e  j e t  l e n g t h .
A n o z z l e  o f  U .6 1  mm d i a m e t e r  was u s e d  a n d  a c o n t i n u o u s  p h a s e  
( d e c a n e )  o f  v i s c o s i t y  1 . 2 5  cp  was  e m p l o y e d .  T h r e e  d i f f e r e n t
f t
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PLATE 5 : High Speed Film I n d ic a t in g  V a r ia tio n s  In The J e t  Length
Under I r r e g u la r  d i s i n t e g r a t i o n  P ro cess ,
-  5 0 0  F r a m e s  /  s e e
Hozzle Diameter  -  0,61 mm 
System - Mater / Peeane
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d i s p e r s e d  p h a s e  v e l o c i t i e s  ( 5 6 4 , 5 1 0  and  464 m m /sec )  w e r e  s t u d i e d .  
The f r e q u e n c y  o f  v i b r a t i o n  was  v a r i e d  b e tw e en  200 t o  350 Hz and 
t h e  a m p l i t u d e  was a d j u s t e d  t o  g e t  m o n o s i z e  d r o p l e t s .  The e x ­
p e r i m e n t a l  r e s u l t s  a r e  g i v e n  i n  T a b l e s  1 3 , 1 4 , 1 5  an d  p l o t s  o f  j e t  
l e n g t h  v s  a m p l i t u d e  a r e  g i v e n  i n  F i g u r e  2 7 , 2 8 , 2 9
I t  c a n  be s e e n  f r o m  t h e s e  f i g u r e s  t h a t  a t  a  f i x e d  f l o w r a t e  t h e r e
a
i s  a l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  j e t  b r e a k - u p  l e n g t h  an d  I n - ^ -
, t h e  a p p l i e d  a m p l i t u d e .  The s l o p e  o f  t h e  l i n e s  d o e s  n o t  c h a n g e  
w i t h  a n y  c h a n g e  i n  t h e  a p p l i e d  f r e q u e n c y .  T h i s  c o n f i r m e d  t h e  
c o n c l u s i o n  d r a w n  i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  g r o w t h  r a t e  i s  
i n d e p e n d e n t  o f  t h e  f r e q u e n c y  a n d  a m p l i t u d e  o f  t h e  a p p l i e d  
v i b r a t i o n .  T h e  p l o t s  o f  d a t a  f o r  j e t  b r e a k - u p  l e n g t h  i n  
F i g .  27 , 2 8 , 2 9  a r e  p a r a l l e l  l i n e s  w i t h  d i f f e r e n t  i n t e r c e p t s  a t  
d i f f e r e n t  a p p l i e d  f r e q u e n c i e s .  T h i s  c o n f i r m e d  t h a t  a l t h o u g h  
t h e  j e t  b r e a k - u p  l e n g t h  i s  e f f e c t e d  by t h e  a p p l i e d  v i b r a t i o n ,  t h e  
g r o w t h  r a t e  i s  c o n s t a n t .
R a y l e i g h ' s  e q u a t i o n  r e l a t e s  t h e  j e t  b r e a k - u p  l e n g t h  w i t h  g r o w t h  
r a t e  (B) and a m p l i t u d e  ( à )  a s  f o l l o w s  ;
U an -, n
- - — I n - g - -  [ R l l J
As d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  U and a i n  t h e  ab o v e  e q u a -n n ^
t i o n  a r e  c o n s t a n t  a n d  g r o w t h  r a t e  ,B ,  d o e s  n o t  d e p e n d  on t h e
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F i g u r e  27 : P l o t  o f  j e t  b r e a k u p  l e n g t h  a g a i s t  a p p l i e d  a m p l i t u d e
N o z z le  v e l o c i t y  -  562 mm / s e c .  
n o z z l e  D i a m e t e r  -  0 .61  mm.
S y s te m  -  ’Wate r  /  Decane
200 Hz 
275 Hz 
jOO Hz 
350 Hz,
10
J
m
4.0*
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F ig u r e  28 : P l o t  o f  j e t  b r e a k u p  l e n g t h  a g a i n s t  a p p l i e d  a m p l i t u d e  
N o z z l e  v e l o c i t y  -  510 mm / s e c .
N o z z le  d i a m e t e r  -  0 .61  mm.
S y s te m _______  -  W a te r  / D e c a n e
200 Hz, 
275 Hz, 
300 Hz, 
350 Hz.
Î
+  A
O
O
% *
©
î-si 2701 2T5I 0 1  37g1 CÔ1
Ln )
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F i g u r e  29 : P l o t  o f  j e t  b r e a k u p  l e n g t h  a g a i n s t  a p p l i e d  a m p l i t u d e  
N o z z l e  v e l o c i t y  -  464 mrn / s e c .
N o z z l e  d i a m e t e r  -  0 .6 1  mm.
S y s te m  ________ -  W a te r  / D e c a n e
200 Hz, 
275 Hz, 
300 Hz, 
350 Hz.
1 2
Iff
J
I o
*
o
o
o
0 o :5 i iTffi r . c l  2701 2 ,'s i-------- 37ÔT------- 3751---------^Tffl
Ln (oyà)
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TABLE 13
Experimental Data On Jet Break-up Length Under
The Influence Of Externally Applied Vibration
J e t  v e l o c i t y  -  564 m m /s ec .
N o z z l e  d i a m e t e r  -  0 , 6 1  mm.
Sys te m________ -  W a t e r / D e c a n e
S e r i a l
No
A p p l i e d
F r e q u e n c y
(Hz)
A p p l i e d
A m p l i t u d e
(mm)
E x p e r i m e n t a l
J e t l e n g t h
(mm)
1 ,
2
3,
4
5,
6 .
7.
8 ,
9.
10 ,
1 1 .
1 2 .
13.
14.
15.
16.
17.
18.
19.
20.
2 1 .
2 2 .
23.
24.
25.
26 .
27.
28.
200
200
200
200
200
200
200
200
275
275
275
275
275
275
275
275
300
300
300
300
350
350
350
350
350
350
350
350
0 . 0 1 3 7
0 . 0 1 6 3
0 . 0 1 8 8
0 . 0 2 2 6
0 .0 2 5 1
0 . 0 2 7 6
0 . 0 3 0 1
0 . 0 6 5 0
0 . 0 1 9 4
0 . 0 2 7 5
0 . 0 3 6 4
0 . 0 4 7 1
0 . 0 4 8 4
0 . 0 4 9 8
0 . 0 5 4 9
0 . 0 6 5 5
0 . 0 3 4 0
0 . 0 4 0 9
0 . 0 4 4 3
0 . 0 4 8 1
0 . 0 0 8 2
0 . 0 0 8 6
0 . 0 0 9 0
0 .0102
0 . 0 1 1 4
0 . 0122
0 . 0 1 7 9
0 . 0 4 2 4
5 . 8 0
5 . 5 0
4 . 7 0
4 . 2 0
4 . 0 0
3 . 8 0
3 . 5 0
1 . 5 0
7 . 9 0
7 . 1 0
6 . 5 0
5 . 5 0
5 . 1 0
5 . 0 0
4 . 5 0
4 . 1 0
7 . 5 0
7 . 0 0
6 . 5 0  
6 . 3 0
7 . 2 0
7 . 0 0  
7 . 4 0
6 . 8 0
6 . 5 0
6 .0 0  
4 . 8 0
2 . 5 0
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TABLE 14
Experimental Data On Jet Break-up Length Under
The Influence Of Externally Applied Vibration
J e t  v e l o c i t y  -  510 m m /s e c .
N o z z l e  d i a m e t e r  -  0 . 6 1  mm.
S ys te m  -  W a t e r / d e c a n e
S e r i a l  A p p l i e d  A p p l i e d  E x p e r i m e n t a l
No. F r e q u e n c y  
(Hz)
A m p l i tu d e
(mm)
J e t l e n g t h
(mm)
1 . 2 0 0 0 . 0 1 1 9 5 . 8 0
2 . 2 0 0 0 . 0 1 2 4 5 . 5 0
3. 2 0 0 0 . 0 1 2 6 5 . 5 0
4 . 2 0 0 0 . 0 1 4 3 5 . 2 0
5. 2 0 0 0 . 0 1 6 2 4 . 6 0
6 . 2 0 0 0 . 0 1 9 1 4 . 3 0
7. 2 0 0 0 .0 2 4 7 3 . 6 5
8 . 2 0 0 0 . 0 5 7 6 1 . 8 0
9. 275 0 . 0 1 3 5 8 . 2 0
1 0 . 275 0 . 0 2 3 0 7 . 0 0
1 1 . 275 0 . 0 3 7 4 5 . 8 0
1 2 . 275 0 . 0 4 0 8 5 . 5 0
13. 275 0 . 0 4 6 4 5 . 2 0
14. 275 0 . 0 5 1 0 5 . 1 0
15. 275 0 . 0 5 4 1 4 . 5 0
16. 275 0 . 0 6 2 3 4 . 0 0
17. 275 0 . 0 6 8 0 3 . 7 5
18. 300 0 . 0 3 3 0 7 . 0 0
19. 300 0 . 0 4 8 3 5 . 3 0
2 0 . 300 0 . 0 5 2 5 5 . 7 0
2 1 . 300 0 . 0 5 5 2 5 . 5 0
2 2 . 300 0 . 0 5 5 6 5 . 1 0
23. 300 0 .0 7 5 1 4 . 9 0
24. 300 0 . 0 8 1 5 4 . 7 0
25. 300 0 . 1 1 2 8 3 . 6 0
26 . 350 0 . 0 1 3 4 5 . 6 0
27. 350 0 . 0 1 9 9 4 . 6 0
28. 350 0 . 0 2 9 3 3 . 6 0
29. 350 0 . 0 3 0 2 '', 40
30. 350 0 .0 5 1 1 2 .UÜ
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TABLE 15
Experimental Data On Jet Break-up Length Under
The Influence Of Externally Applied Vibration
J e t  v e l o c i t y  -  464 m m /s ec .  
N o z z l e  d i a m e t e r  -  0 . 6 1  mm. 
S ys te m  -  W a t e r / D e c a n e
S e r i a l  A p p l i e d  A p p l i e d  E x p e r i m e n t a l
No. F r e q u e n c y  A m p l i t u d e  J e t l e n g t h
( Hz ) ( mm ) ( mm
1 . 2 0 0 0 . 0 1 0 0 5 . 6 0
2 . 2 0 0 0 . 0 2 5 7 3 . 3 0
3. 2 0 0 0 . 0 2 8 6 2 . 9 0
4 . 2 0 0 0 . 0 2 9 5 2 . 6 0
5. 275 0 . 0 2 0 3 6 . 5 0
6 . 275 0 . 0 2 4 3 6 . 3 0
7. 275 0 . 0 2 7 2 5 . 2 0
8 . 275 0 . 0 3 5 1 4 . 8 0
9. 275 0 . 0 4 7 3 4 . 5 0
1 0 . 275 0 . 0 4 8 9 4 . 2 0
1 1 . 275 0 . 0 6 2 8 3 . 7 0
1 2 . 300 0 . 0 4 4 6 5 . 5 0
13. 300 0 . 0 6 1 8 4 . 7 0
14. 300 0 . 0 7 5 0 4 . 3 0
15. 300 0 .0 9 2 4 4 . 0 0
16. 300 0 . 1 0 0 2 3 . 5 0
17. 350 0 . 0 2 2 1 4 . 0 0
18. 350 0 . 0 4 4 5 2 . 3 0
19. 350 0 . 0 4 6 4 2 . 0 0
2 0 . 350 0 . 0 5 5 8 1 . 5 0
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a p p l i e d  v i b r a t i o n s ,  T h i s  s u g g e s t ^  t h a t  t h e  a m p l i t u d e  , ô ,  I n  t h e  
ab o v e  e q u a t i o n  I s  t h e  o n l y  q u a n t i t y  w h ich  c o u l d  be e f f e c t e d  by t h e  
e x t e r n a l l y  a p p l i e d  v i b r a t i o n s .
When two o r  m o r e  w a v e s  t r a v e l  I n  t h e  sam e d i r e c t i o n  t h e n  t h e  
c o m b i n e d  e f f e c t  o f  t h e s e  w a v e s  r e s u l t s  I n  a c o m p o s i t e  w a v e .  
D e p e n d in g  on t h e  f r e q u e n c y  o f  t h e  o r i g i n a l  wave , t h e  a m p l i t u d e  o f  
t h e  r e s u l t a n t  wave w i l l  v a r y  f r o m  t h e  d i f f e r e n c e  o f  t h e i r  am p l ­
i t u d e  ( I n t e r f e r e n c e )  t o  t h e  sum o f  t h e i r  a m p l i t u d e  ( r e s o n a n c e )  . 
A c c o r d i n g  t o  R a y l e i g h  when t h e  a m p l i t u d e  o f  a wave on a  l i q u i d  j e t  
becomes e q u a l  t o  o r  g r e a t e r  t h a n  t h e  r a d i u s  o f  t h e  j e t ,  t h e  j e t  
b r e a k s - u p  I n t o  d r o p s .  U n d e r  t h e  I n f l u e n c e  o f  t h e  a p p l i e d  a n d  
n a t u r a l  waves  t h e  v a l u e  o f  t h e  a c t u a l  a m p l i t u d e  ,A c ,  ( a m p l i t u d e  o f  
t h e  c o m p o s i t e  w a v e )  r e a c h e s  t h e  v a l u e  o f  t h e  j e t  r a d i u s ,  t h e  j e t  
b r e a k s - u p .  T h e r e f o r e  I t  I s  d e s i r a b l e  t o  d e t e r m i n e  t h e  a c t u a l  
a m p l i t u d e  , A c ,  o f  t h e  c o m p o s i t e  wave  a n d  to  m o d i f y  R a y l e i g h ' s  
e q u a t i o n  t o  t a k e  I n t o  a c c o u n t  t h e  e f f e c t  o f  wave I n t e r a c t i o n  a s  ;
Where Ac, I s  a c t u a l  a m p l i t u d e  o f  t h e  c o m p o s i t e  wave a t  t h e  n o z z l e  
e x i t  a n d  I s  a f u n c t i o n  o f  t h e  a m p l i t u d e  and ttie f r e q u e n c y  o f  t h e  
a p p l i e d  v i b r a t i o n .
E x p e r i m e n t a l l y  a c t u a l  a m p l i t u d e  ,A c,  I s  m e a s u r e d  by a v i d e o  f i l m  
t e c h n i q u e  ( a s  d e s c r i b e d  I n  C h a p t e r  3 ) , f o r  d i f f e r e n t  f r e q u e n c i e s
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a t  c o n s t a n t  a p p l i e d  a m p l i t u d e .  T h e o r e t i c a l l y  t h e  r a t i o  o f  t h e  
m e a s u r e d  a m p l i t u d e , A m ,  and a p p l i e d  a m p l i t u d e  , ^ , s h o u l d  be  u n i t y  
u n d e r  non I n t e r a c t i n g  c o n d i t i o n s .  E x p e r i m e n t a l  r e s u l t s  o f  m e a s u r e d  
a m p l i t u d e  f r o m  v i d e o  f i l m  a n d  a p p l i e d  a m p l i t u d e  f o r  d i f f e r e n t  
f r e q u e n c i e s  a r e  g i v e n  I n  T a b l e  16 and p l o t  o f  Am/^ vs  f r e q u e c y  
I s  g i v e n  I n  F i g  3 0 .
4 . 3 . 1  RESONANCE CORRECTION FACTOR
I t  I s  a p p a r e n t  f rom f i g u r e  2 0  t h a t  t h e  r a t i o  o f  m e a s u r e d  a m p l i t u d e  
a n d  a p p l i e d  a m p l i t u d e  ( k m/ h  = R f )  I s  d i f f e r e n t  f o r  d i f f e r e n t  
f r e q u e n c i e s .  For  exa m ple  a t  200 Hz f r e q u e n c y  t h e  v a l u e  o f  Rf  I s  
2 . 7  w h i l e  a t  3 0 0  Hz t h e  v a l u e  I s  o n l y  0 . 6 6 ,  T a b l e . 16 The v a l u e  
o f  f r e q u e n c y  and a m p l i t u d e  o f  t h e  n a t u r a l  wave a r e  n o t  k n o w n .  The 
v a l u e  o f  Rf I n d i c a t e s  t h e  I n t e r a c t i o n  o f  t h e  two waves  a t  a p a r ­
t i c u l a r  p o i n t  a n d  s h o w s  t h a t  a t  200 Hz f r e q u e n c y  r e s o n a n c e  I s  
o c c u r l n g  an d  th e  a m p l i t u d e  o f  t h e  c o m p o s i t e  wave I s  2 . 7  t i m e s  t h e  
a p p l i e d  a m p l i t u d e  ; a t  300 Hz f r e q u e n c y  I n t e r f e r e n c e  I s  o c c u r l n g  
a n d  t h e  a m p l i t u d e  of  th e  c o m p o s i t e  wave I s  0 . 6 6  t i m e s  t h e  a p p l i e d  
a m p l i t u d e .  T h i s  I s  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  f o r  
t h e  j e t  b r e a k - u p  l e n g t h  t a b l e  ( 1 3 , 1 4 , 1 5  ) ,  w h ich  shows t h a t  w i t h  
t h e  a p p l i e d  v i b r a t i o n  a t  200 Hz f r e q u e n c y  t h e  j e t  l e n g t h  I s  s h o ­
r t e r  t h a n  a t  300 Hz f r e q u e n c y .  T h i s  I s  a r e s u l t  o f  t h e  a m p l i t u d e  
o f  th e  c o m p o s i t e  wave r e a c h i n g  th e  v a l u e  e q u a l  to  o r  g r e a t e r  ui iau
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TABLE 16
E x p e r i m e n t a l  D a ta  For  R e s o n a n c e  C o r r e c t i o n  F a c t o r  
At  D i f f e r e n t  A p p l i e d  F r e q u e n c i e s .
A p p l i e d  A p p l i e d  M e a s u r e d  R a t i o
S.No F r e q u e n c y  A m p l i t u d e  A m p l i tu d e  Am
(Hz)  o (mm) Am (mm)
1.  2 0 0  0 . 0 1 8  0 . 0 5 2 3 0  2 . 9 0 6
2 .  275 0 . 0 1 2  0 . 0 1 1 5 6  0 . 9 6 4
3 .  300 0 . 1 5 0  0 . 1 0 2 2 2  0 . 6 8 1
4 .  350 0 . 0 1 5  0 . 0 4 1 4 7  2 . 7 5 8
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t h e  j e t  r a d i u s  I n  a s h o r t e r  t i m e  when 2U0 Hz f r e q u e n c y  i s  a p p l i e d  
t h a n  i n  t h e  c a s e  o f  300 Hz f r e q u e n c y .
The g r a p h  i n  F i g u r e  30 c a n  be  u s e d  t o  d e t e r m i n e  t h e  v a l u e  o f  
a c t u a l  a m p l i t u d e  ( A c )  o f  t h e  c o m p o s i t e  wave a t  a n y  f r ^ e n c y .  
R e f e r r i n g  t o  R a y l e i g h ' s  e q u a t i o n
T h e r e f o r e  Ac f r o m  F i g u r e  30 w i l l  be e q u a l  t o  ^ . R f  and e q u a t i o n  
R13 c a n  be w r i t t e n  a s  ;
" b"
a
T h i s  e q u a t i o n  i n d i c a t e s  t h a t  a p l o t  o f  j e t  l e n g t h  v s
s h o u l d  g i v e  a  s t r a i g h t  l i n e  r e l a t i o n s h i p .  The f a m i l y  o f  c u r v e s  
o b t a i n e d  a t  v a r i o u s  f r e q u e n c i e s  ( sh o w n  i n  F i g u r e s  2 7 , 2 8 , 2 9 )  
s h o u l d  y i e l d  o n e  s t r a i g h t  l i n e .  The r e s u l t s  f r o m  T a b l e s  1 3 , 1 4 , 1 5  
a r e  p l o t e d  i n  f i g u r e  3 1 , 3 2 , 3 3  ( T a b l e s  1 7 , 1 8 , 1 9 )  a n d  s h o w  t h e  
e x p e c t e d  c o n f i g u r a t i o n  ( i . e  s t r a i g h t  l i n e  ) .
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F i g u r e  ; P l o t  o f  p r e d i c t e d  j e t  b r e a k u p  l e n g t h  
N o z z l e  v e l o c i t y  -  562 mm /  s e c
N o z z l e  d i a m e t e r  -  0 .61  mm.
S y s te m ______________-  W a te r  / D e c a n e
p r e d  i c t e d
O - 2 0 0 Hz.
■4 — 275 Hz.
+ _ 3 0 0 Hz.
» _ 350 Hz.
1
-I
•*>
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F i g u r e  32 : F l o t  o f  p r e d i c t e d  j e t  b r e a k u p  l e n g t h .
N o z z le  v e l o c i t y  -  510 mm / s e c . . -
N o z z le  d i a m e t e r  -  0 .61  [nrn.
Sys te m  -  W a te r  /  D e c a n e .
P r e d i c t e d  j e t  l e n g t h  
200 Hz.
275 Hz.
300 Hz.
350 Hz.
1 0
5 I 2 . 0 '
Ln ( .t ï/è  R f )
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F i g u r e  33 : P l o t  o f  p r e d i c t e d  j e t  b r e a k u p  l e n g t h .
N o z z le  v e l o c i t y  -  464 mm / s e c .
N o z z l e  d i a m e t e r  -  0 .6 1  mm.
S y s te m  -  W a te r  /  Decane
P r e d i c t e d  j e t  l e n g t h  
200 Hz.
275 Hz.
300 Hz.
350 Hz.
J
I
-)
1 :0 1  iTsT
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TABLE 17
E x p e r . l m e t a l And P r e d i c t e d J e t  B r e a k - u p  l e n g t h  I n  Low F l o w r a t e  R e g i o n
J e t  v e l o c i t y  -  562 m m /s e c .
N o z z l e  d i a m e t e r  -  0 . 6 1 mm.
Sys te m -  W a t e r / D e c a n e
S e r i a l A p p l i e d A c t u a l E x p e r i m e n t a l P r e d i c t e d
No. F r e q u e n c y A m p l i t u d e J e t l e n g t h J e t l e n g t h
(Hz) (mm) (mm) (mm)
1 . 2 0 0 0 . 0 0 3 9 5 . 8 0 5 . 8 0
2 . 2 0 0 0 . 0 4 6 8 5 . 5 0 5 . 3 1
3. 2 0 0 0 . 0 5 3 9 4 . 7 0 4 . 9 1
4 . 2 0 0 0 . 0 6 4 7 4 . 2 0 4 . 3 9
5. 2 0 0 0 . 0 7 1 9 4 . 0 0 4 . 0 8
6 . 2 0 0 0 . 0 7 9 1 3 . 8 0 3 . 8 2
7. 2 0 0 0 . 0 8 6 1 3 . 5 0 3 . 5 8
8 . 2 0 0 0 . 1 8 7 0 1 . 5 0 1 . 3 8
9. 275 0 . 0 1 8 8 7 . 9 0 7 . 8 9
1 0 . 275 0 . 0 2 6 6 7 . 1 0 6 . 8 9
1 1 . 275 0 . 0 3 5 1 6 . 5 0 6 . 1 3
1 2 . 275 0 . 0 4 5 5 5 . 5 0 5 . 3 9
13. 275 0 . 0 4 6 7 5 . 1 0 5 . 3 0
14. 275 0 . 0 4 8 1 5 . 0 0 5 . 2 4
15. 275 0 . 0 5 3 0 4 . 5 0 4 . 9 4
16. 275 0 . 0 6 3 2 4 . 1 0 4 . 4 5
17. 300 0 . 0 2 2 5 7 . 5 0 7 . 3 7
18. 300 0 . 0 2 7 1 7 . 0 0 6 . 8 6
19. 300 0 . 0 2 9 3 6 . 5 0 6 . 6 4
2 0 . 300 0 . 0 3 1 9 6 . 3 0 6 . 3 8
2 1 . 350 0 . 0 2 2 3 7 . 2 0 7 . 3 7
2 2 . 350 0 . 0 2 3 4 7 . 0 0 7 . 0 9
23. 350 0 . 0 2 4 6 7 . 4 0 7 . 1 2
24. 350 0 . 0 2 7 9 6 . 8 0 6 . 7 8
25. 350 0 . 0 3 1 2 6 . 5 0 6 . 4 7
26. 350 0 . 0 3 3 3 6 . 0 0 6 . 2 7
27. 350 0 . 0 4 9 0 4 . 8 0 5 . 1 6
28. 350 0 . 1 1 6 0 2 . 5 0 2 . 8 3
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TABLE 18
E x p e r i m e t a l  And P r e d i c t e d  J e t  B r e a k - u p  l e n g t h  I n  Low F l o w r a t e  R e g io n
J e t  v e l o c i t y  -  510 m m /sec .
N o z z l e  d i a m e t e r  -  0 , 6 1  mm.
Sys tem  -  W a t e r / D e c a n e
S e r i a l  
No.
A p p l i e d
F r e q u e n c y
(Hz)
A c t u a l
A m p l i t u d e
(mm)
E x p e r i m e n t a l
J e t l e n g t h
(mm)
P r e d
j e t l
(i
1 . 2 0 0 0 . 0 3 4 1 5 . 8 0 5 . 6 4
2 . 2 0 0 0 . 0 3 5 4 5 . 5 0 5 . 5 3
3. 2 0 0 0 .0 3 6 1 5 . 5 0 5 . 4 9
4 . 2 0 0 0 . 0 3 7 2 5 . 2 0 5 . 1 7
5. 2 0 0 0 . 0 4 6 4 4 . 6 0 4 . 8 4
6 . 2 0 0 0 . 0 5 4 5 4 . 3 0 4 . 4 3
7. 2 0 0 0 . 0 7 0 6 3 . 6 5 3 . 7 3
8 2 0 0 0 . 1 6 4 7 1 . 8 0 1 . 5 8
9. 275 0 . 0 1 3 1 8 . 2 0 8 . 1 0
1 0 . 275 0 . 0 2 2 2 7 . 0 0 6 . 7 4
1 1 . 275 0 . 0 3 6 1 5 . 8 0 5 . 4 9
1 2 . 275 0 . 0 3 0 3 5 . 5 0 5 . 2 5
13. 275 0 .0 4 4 7 5 . 2 0 4 . 9 4
14. 275 0 . 0 4 9 2 5 . 0 0 4 . 6 9
15. 275 0 . 0 5 2 2 4 . 5 0 4 . 5 4
16. 275 0 . 0 6 0 6 4 . 0 0 4 . 1 6
17. 275 0 . 0 6 5 6 3 . 7 5 3 . 8 6
18. 300 0 . 0 2 2 0 7 . 0 0 6 . 7 4
19. 300 0 . 0 3 1 9 5 . 9 0 5 . 7 9
2 0 . 300 0 . 0 3 4 7 5 . 7 0 5 . 5 9
2 1 . 300 0 . 0 3 6 3 5 . 5 0 5 . 4 8
2 2 . 300 0 . 0 3 6 8 5 . 1 0 5 . 4 3
23 . 300 0 . 0 4 9 6 4 . 9 0 4 . 6 4
24 . 300 0 . 0 5 3 8 4 . 7 0 4 . 4 5
25. 300 0 . 0 7 4 5 3 . 6 0 3 . 6 3
26. 350 0 . 0 3 6 5 5 . 6 0 5 . 4 0
27. 350 0 . 0 5 4 3 4 . 6 0 4 . 4 4
28 . 350 0 . 0 8 0 1 3 . 6 0 3 . 4 4
29. 350 U.0825 3 . 4 0 3 . 3 6
30. 350 0 . 1 3 9 5 2 . 0 0 2 . 0 1
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TABLE 19
E x p e r i m e t a l  And P r e d i c t e d  J e t  B r e a k - u p  l e n g t h  I n  Low F l o w r a t e  R e g i o n
J e t  v e l o c i t y  -  464 m m /s e c .
N o z z l e  d i a m e t e r  -  0 . 6 1  mm.
S y s t e m ________ -  W a t e r / D e c a n e
S e r i a l  
No.
A p p l i e d
F r e q u e n c y
(Hz)
A c t u a l
A m p l i t u d e
(mm)
E x p e r i m e n t a l
J e t l e n g t h
(mm)
P r e d i c t e d
J e t l e n g t h
(mm)
1 . 2 0 0 0 . 0 2 8 6 5 . 6 0 5 . 4 0
2 . 2 0 0 0 . 0 7 3 7 3 . 3 0 3 . 3 1
3. 2 0 0 0 . 0 8 1 8 2 . 9 0 3 . 0 8
4 . 2 0 0 0 . 0 8 4 4 2 . 6 0 2 . 8 0
5. 275 0 . 0 1 9 6 6 . 5 0 6 . 3 9
6 . 275 0 . 0 2 3 5 6 . 0 0 5 . 9 7
7. 275 0 . 0 2 6 2 5 . 4 0 5 . 7 1
8 . 275 0 . 0 3 3 8 4 . 8 0 5 . 1 3
9. 275 0 . 0 4 5 6 4 . 5 0 4 . 4 3
1 0 . 275 0 . 0 4 7 2 4 . 2 0 4 . 3 4
1 1 . 275 0 . 0 6 0 6 3 . 7 0 3 . 7 8
1 2 . 300 0 . 0 2 9 5 5 . 5 0 5 . 4 3
13. 300 0 . 0 4 0 8 4 . 7 0 4 . 6 9
14. 300 0 . 0 4 9 5 4 . 3 0 4 . 2 2
15. 300 0 . 0 6 1 0 4 . 0 0 3 . 7 3
16. 300 0 . 0 6 6 2 3 . 5 0 3 . 5 4
17. 350 0 . 0 6 0 6 4 . 0 0 3 . 7 5
18. 350 0 . 1 2 1 5 2 . 3 0 2 . 1 4
19. 350 0 . 1 2 6 9 2 . 0 0 2 . 0 4
2 0 . 350 0 . 1 5 2 4 1 . 5 0 1 .6 1
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4 . 3 . 2  EFFECT OF FREQUENCY ON DROP SIZE
D i s i n t e g r a t i o n  o f  l a m i n a r  l i q u i d  j e t  u n d e r  t h e  i n f l u e n c e  o f  t h e  
a p p l i e d  v i b r a t i o n  f o r  t h e  p r o d u c t i o n  o f  m o n o s i z e  d r o p l e t s  showed a 
c o n s i d e r a b l e  c h a n g e  i n  d r o p  d i a m e t e r  a t  v a r i o u s  f r e q u e n c i e s .  The 
e x p e r i m e n t a l  r e s u l t s  f o r  t h e  n o z z l e  o f  0 . 6 1  mm d i a m e t e r  i n  t h e  
c o n t i n u o u s  p h a s e  o f  v i s c o s i t y  1 .2 5  c p ,  a r e  g i v e n  i n  T a b l e  20 The 
v e l o c i t y  o f  t h e  d i s p e r s e d  p h a s e  was k e p t  c o n s t a n t ( 5 6 4  m m / s e c ) .  As 
t h e  f r e q u e n c y  o f  t h e  a p p l i e d  v i b r a t i o n  was v a r i e d  f r om  2 0 0  t o  300 
Hz d r o p  d i a m e t e r  c h a n g e s .  T h i s  i s  q u i t e  c o n s i s t e n t  w i t h  t h e  w o r k  
o f  m o s t  p r e v i o u s  w o r k e r s ( 3 3 , 3 5 )  who have  s u g g e s t e d  t h a t  number o f  
d r o p s  a r e  e q u a l  t o  t h e  a p p l i e d  f r e q u e n c y .  As t h e  f l o w  r a t e  o f  t h e  
d i s p e r s e d  p h a s e  was k e p t  c o s n t a n t  t h e r e f o r e  i t  i s  o b v i o u s  t h a t  
w i t h  t h e  i n c r e a s e  o f  number  o f  d r o p s  p e r  u n i t  t i m e  , t h e  s i z e  o f  
d r o p  w i l l  d e c r e a s e ,  a s  shown i n  p l a t e  6 .
4 . 3 . 3  EFFECT OF AMPLITUDE ON DROP DIAMETER
I n  t h e  d i s i n t e g r a t i o n  o f  a l a m i n a r  l i q u i d  j e t  w i t h  a p p l i e d  v i b r a ­
t i o n  i t  was found  t h a t  t h e r e  i s  a l o w e r  c r i t i c a l  v a l u e  o f  a p p l i e d  
a m p l i t u d e  a f t e r  w h i c h  m o n o s i z e d  d r o p s  a r e  p r o d u c e d  i n  a s i n g l e  
s t r e a m  . When v a l u e  o f  a p p l i e d  a m p l i t u d e  was i n c r e a s e d  i t  was 
f o u n d  t h a t  t h e r e  i s  a n  u p p e r  c r i t i c a l  l i m i t  ab o v e  w hi ch  t h e  j e t  
b r e a k s - u p  i n t o  two s t r e a m s  o f  m o n o s i z e  d r o p l e t s  and b o t h  o f  t h e s e  
s t r e a m s  i n c r e a s i n g l y  d i v e r g e  w i t h  a n y  i n c r e a s e  i n  t h e  a p p l i e d  
- impl i . tude a s  sliown i n  p l a t e  ~J ,
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TABLE -  20
V a r i a t i o n  o f  t h e  d r o p  s i z e  w i t h  e x t e r n a l l y  a p p l i e d  f r e q u e n c y ,
3
Flow r a t e  -  0 . 5  cm / s e c .
N o z z l e  d i a m e t e r  -  0 . 6 1  mm.
Sys tem_____________ -  W a te r  /  Decane
S e r i a l  A p p l i e d  Drop Drop Drop
No. f r e q u e n c y  f o r m a t i o n  f r e q u e n c y  d i a m e t e r
(Hz)  t i m e  ( s e c )  No. o f  d r o p s  (cm)
s e c .
1- 20 0 . 4 7 6  2 0 . 9 7  0 . 3 5 7 1
2 .  40 0 . 0 2 4 4  4 0 . 9 5  0 . 2 8 5 7
3.  100 0 . 1 0 2 9  9 7 . 1 8  0 . 2 1 4 1
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5 . 0  CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
5 . 1  CONCLUSIONS
1. I n  t h e  d i s i n t e g r a t i o n  o f  l a m i n a r  l i q u i d  j e t s  u n d e r  t h e  i n ­
f l u e n c e  o f  a n  a p p l i e d  v i b r a t i o n ,  t h e  g r o w t h  r a t e  o f  t h e  
c o m p o s i t e  wave i s  i n d e p e n d e n t  o f  t h e  f r e q u e n c y  o f  t h e  a p p l i e d  
v i b r a t i o n .
2 .  R a y l e i g h ' s  e q u a t i o n  c a n  be m o d i f i e d  t o  p r e d i c t  t h e  j e t  b r e a k ­
up l e n g t h ,  i f  f r e q u e n c y  a n d  t h e  a m p l i t u d e  o f  t h e  a p p l i e d  
v i b r a t i o n  a r e  known.
3.  At  l o w  f l o w  r a t e s  o n e  n a t u r a l  wave i s  p r e d o m i n a n t  i n  t h e  
d i s i n t e g r a t i o n  o f  a l a m i n a r  l i q u i d  j e t .
4 .  At a c o n s t a n t  f l o w  r a t e  t h e  number o f  m o n o s i z e  d r o p s  a r e  e q u a l  
t o  t h e  f r e q u e n c y  o f  t h e  a p p l i e d  v i b r a t i o n  and t h e  s i z e  o f  t h e  
d r o p s  c h a n g e s  w i t h  an y  c h a n g e  i n  t h e  a p p l i e d  f r e q u e n c y .
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5 . 2  RECOMMENDATIONS FUR FUTURE WORK
1. D i s i n t e g r a t i o n  o f  l a m i n a r  l i q u i d  j e t s  f o r  t h e  p r o d u c t i o n  o f  
t h e  m o n o s i z e  d r o p l e t s  s h o u l d  be a p p l i e d  i n  a n  i n v e s t i g a t i o n  o f  
m a s s  a n d  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  i n  l i q u i d - l i q u i d  
c o n t a c t o r s .
2 .  For  a c o m m e r c i a l  a p p l i c a t i o n  t h e  m u t u a l  i n t e r a c t i o n  o f  m o r e  
t h a n  one j e t  s h o u l d  be i n v e s t i g a t e d .
3 .  D e f E l e c t i o n  o f  e l e c t r i c a l l y  c h a r g ^ d r o p s  s h o u l d  b e  i n v e s ­
t i g a t e d  t o  s e p a r a t e  a  s i n g l e  d r o p  f r o m  a  m a in  s t r e a m  a f t e r  
r e g u l a r  i n t e r v a l s .  T h i s  t e c h n i q u e  s h o u l d  b e  a p p l i e d  t o  s t u d y  
h e a t  and mass  t r a n s f e r  o f  a s i n g l e  d r o p .
LECTURES, COURSES AND SYMPOSIA ATTENDED
1. M.Sc Module  on ' L l q u l d - L . l q u l d  E q u i l i b r i a  '
By D r .  D W P r i t c h a r d
D e p a r t m e n t  o f  C h e m ic a l  E n g i n e e r i n g  
T e e s s i d e  P o l y t e c h n i c  
22 F e b r u a r y  t o  31 March 1982.
2 .  C o m p u t e r , C h e m i c a l  E n g i n e e r i n g  and F l u i d  S e p a r a t i o n  P r o c e s e s  
An nua l  G e n e r a l  M e e t i n g
I n s t i t u t i o n  o f  C h e m i c a l  E n g i n e e r s  
5 t o  7 A p r i l  1982
3.  ■ M.Sc Module on ' L i q u i d - L i q u i d  E x t r a c t i o n '
By Dr.M M Anwar
D e p a r t m e n t  o f  C h e m ic a l  E n g i n e e r i n g  
T e e s s i d e  P o l y t e c h n i c  
12 May t o  7 J u l y  1982
4 .  Drop B e h a v i o u r  i n  A g i t a t e d  L i q u i d - L i q u i d  D i s p e r s i o n s  
By Dr .V Rod
S p e c i a l  L e c t u r e ,  D e p a r t m e n t  of  C h em ica l  E n g i n e e r i n g  
' T e e s s i d e  P o l y t e c h n i c  
24 May 1982
5 .  M.Sc Module on ' D i s t i l l a t i o n '
By Dr .D W P r i t c h a r d
D e p a r t m e n t  o f  C h em ica l  E n g i n e e r i n g  
T e e s s i d e  P o l y t e c h n i c  
7 J u n e  t o  28 J u n e  1982
6 . The F o r m a t i o n  o f  L i q u i d - L i q u i d  d i s p e r s i o n s
C h em ica l  and E n g i n e e r i n g  A s p e c t s
S o c i e t y  o f  C h e m i s t r y  an d  I n d u s t r y  
22 F e b r u a r y  1982
7.  P r o c e s s  E n g i n e e r i n g  A s p e c t s  o f  I m m o b i l i s e d  C e l l  S y s te m s
I n s t i t u t e  o f  C h em ica l  E n g i n e e r i n g
At UMIST, M a n c h e s t e r .
28 / 2 9  March 1984
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NOMENCLATURE
a -  J e t  r a d i u s , cm. 
a  -  J e t  r a d i u s  a t  b r e a k - u p ,  cm.
j
a -  N o z z l e  r a d i u s ,  cm 
n
A ,Ag -  C o n s t a n t s  i n  g e n e r a l  i n s t a b i l i t y  d e r i v a t i o n .
8 ^ , 8 2  -  c o n s t a n t s  i n  g e n e r a l  i n s t a b i l i t y  d e r i v a t i o n .
A -  A c t u a l  a m p l i t u d e  o f  t h e  d i s t u r b a n c e ,  cm.
c
A -  M ea s u red  a m p l i t u d e  o f  t h e  d i s t u r b a n c e ,  cm.
m
d j  -  J e t  d i a m e t e r ,  cm.
d -  N o z z l e  d i a m e t e r ,  cm. n
d^ -  Drop d i a m e t e r ,  cm.
f . f r e q u e n c y  f o r  maximum i n s t a b i l i t y , s e c  ^
(max)
2Fr  -  F r o u d e  nu m b er ,  / d ^ g
2g -  A c c e l e r a t i o n  due t o  g r a v i t y ,  9 8 0 . 8  c m / s e c  .
i  -  s q u a r e  r o o t  o f  - 1
I n ( k a ) -  M o d i f i e d  b e s s e l  f u n c t i o n  o f  f i r s t  k i n d  n^^^ o r d e r .  
I n ( k a ) -  D e r i v a t i v e  o f  I n ( k a ) .
k -  Wave number of  t h e  j e t  s u r f a c e  d i s t u r b a n c e ,  2A / X , cm
ka -  D i m e n s i o n l e s s  wave number 2 Aa/  A •
k a , T D i m e n s i o n l e s s  wave number a t  maximum i n s t a b i l t y .
(max)
•1
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K n ( k a ) -  M o d i f i e d  B e s s e l  f u n c t i o n  o f  s e c o n d  k i n d  o f  n^^ o r d e r .
K n ( k a ) -  D e r i v a t i v e  o f  K n ( k a ) .
L -  L i q u i d  j e t  b r e a k - u p  l e n g t h ,  cm.
n -  C i r c u m f e r e n c i a l  wave number  2A/A , cm 1
Oh -  O h n e so rg e  nu m b er .
Po -  S u r f a c e  p o t e n t i a l  e n e r g y ,  e r g s / c m .
3
Q -  V o l u m e t r i c  f l o w  r a t e  t h r o u g h  n o z z l e ,  cm / s e c .
r  -  R a d i a l  d i s t a n c e .  Cm.
Re -  R e y n o ld  n u m b e r .
Rj. -  r e s o n a n c e  c o r r e c t i o n  f a c t o r ,  A_/A_.
c m
t  -  Time , S e c .
-  A v e . j e t  v e l o c i t y ,  c m / s e c .
U -  Ave.  g r o s s  v e l o c i t y  o f  c o n t i n u o u s  p h a s e  f rom j e t  s u r f a c e , c m / s e c
8
-  I n t e r f a c i a l  v e l o c i t y ,  c m / s e c .
Uj -  J e t t i n g  v e l o c i t y ,  c m / s e c .
-  Ave .  n o z z l e  v e l o c i t y ,  c m / s e c .
3
-  vo lume o f  d ro p  , cm.
We -  Weber nu m ber ,
z -  d i s t a n c e  f rom  n o z z l e  t i p ,  cm.
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NOMENCLATURE G re ek  l e t t e r s
B -  Growth r a t e  , s e c  \
^ ( m a x ) ” Growth r a t e  o f  d i s t u r b a n c e  a t  maximum i n s t a b i l t y ,  s e c ~ i
Ô -  A p p l i e d  a m p l i t u d e  of  t h e  v i b r a t i o n ,  cm.
-  I n i t i a l  a m p l i t u d e  o f  t h e  n a t u r a l  d i s t u r b a n c e , cm.
6  -  A n g u l a r  d i s t a n c e ,  r a d i a n s .
A -  Wave l e n g t h  o f  d i s t u r b a n c e ,  cm.
A ( m a x ) ”  Wave l e n g t h  o f  f a s t e s t  g r o w i n g  d i s t u r b a n c e ,  cm.
-  v i s c o s i t y  o f  c o n t i n u o u s  p h a s e .
-  v i s c o s i t y  o f  d i s p e r s e d  p h a s e .
2
V -  K i n e m a t i c  v i s c o s i t y ,  y i /p  cm / s e c
A -  3 . 1 4 1 6
-  D e n s i t y  o f  c o n t i n u o u s  p h a s e .
-  D e n s i t y  o f  d i s p e r s e d  p h a s e .
cr  -  I n t e r f a c i a l  t e n s i o n .
# ^ , # 2  “ F u n c t i o n s  d e f i n e d  by e q u a t i o n  11.
^ l ’ * ^ 2  "  Smokes s t r e a m  f u n c t i o n  s a t i s f y i n g  v a r i o u s  e q u a t i o n s .
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APPENDIX - A l
1 4 0
c
n
PRC
U
c
c * * * 4!
c
C
c
c NX
c NC
C NI C
C S I Z E
c CONVER
c ALFA
c BETA
c GAMA
c X ( I )
c F D I F E R
c ICONT
c NCONT
C LOW
c
c LHI GH
c
c LSEC
c LARGEST
c
c
c
OGRAM C O R R F I A T P  DATA FOR P O l Y H O M T A I
■K- *  4f *  *  *  p p Q Q ;j  ^ P p I- F X T P T, F X *  *  *  *  *  -X-
TOTAL NUMBER 0 ?  I R D 5 P S N D E R T  VARAT BL P S
TOTAL NUMBER OF FQUALTTY CO^PTRATNTO
TOTAL NUMBER OF IN E QUAL ITY CONSTRAINTS
EDGE LENGHT OF THE I N I T I A I  POLYHEDRON
CONVERGENCE C R I T E R T O N  FOR T E R MI N A T I O N  OF ^HE SEARCH
THE REFL ECTION C O E F F I C I E N T
THE CONTRACTION C O E F F I C I E N T
THE EXPANSION C O E F F I C I E N T
THE ASSUMED VECTOR TO I N I T I A T E  THE SEARCH
THE TOLERANCE C R I T E R IO N  FOR CONSTRAINT V IO L A T IO N
A COUNTER TO RECORD STAGE COMPUTATIONS
A COUNTER TO P R I N T  INFORMATION EVERY (NX + 1 ) STAGE
AN INDEX TO I D E N T I F Y  INFORMATION RELATED TO THE LOWEST
VALUE OF O B J .  FUNCTION IN MOST RECENT POLYHEDRON
AN INDEX TO I D E N T I F Y  INFORMATION RELATED TO LARGEST VALU'
OF O B J .  F UN C T I O N  IN MOST RECENT POLYHEDRON
AN I NDEX TO I D E N T I F Y  I NF OR MAT I ON R E L AT E D '^O THE SECOND
VALUE OF O B J .  F U N C T I O N  I N MOST RECENT POLYHEDRON
* * * * * * * * * * * * * * * *
DIMENSION X ( 5 0 ) , X 1  ( 5 0 , S O ) , X 2 ( 5 0 , 5 0 ) , R ( l  0 0 ) , SUM ( S O ) , F ( 5 0 ) , S R ( 5 0 ) ,
1 R O L D ( i O O ) ,  H ( 5 0 )
DI MENSI ON E X P X 4 ( 1 0 5 )
C 0 M M 0 N / A 1 / N X , N C , N I C , S T E P , A L F A , B E T A , G A M A , I N , I N F , F D I F E R , S E Q L , K 1 , K 2 , 
1 K 3 , K 4 , K 5 , K 6 , K 7 , K S , K 9 , X , X 1 , X 2 , R , S U M , F , S R , R O L D , S C A L E , F O L D , S I 3 E  
C 0 M M 0 N / A 2 / L F E A S ,  1 5 ,  IF,,  L 7 ,  J.S , L9 , R 1 A , R2A , R5A 
C 0 M Î 4 0 N / A 3 / W I L (1  0 5 )  , HAL( 1  0 5 )  , M N D P , Z 7 . B ( 1 0 5 , 7 )  , Z Z A ( 1  0 5 , 7 )
C PROBLM I D E N T I F I C A T I O N  HEADER I S  READ I N AFTER T H I S  CARD
C READ ( 5 , 7 5 9 )
C PARAMETERS FOR THE PROBLM ARE READ IN AFTER T H I S  CARD
READ ( 5 , * )  N X , N C , N I C , S I % E , C O N V E R , I S T A G E  
WRI TE ( 6 , * )  N X , N C , N I C , S I Z E  
READ ( 5 , * )  ( X ( I )  , 1  = 1 , NX)
A LFA = 1 .
BETA = 0 . 5  
GAMA = 2 .
KZC0NT=0
C PERMANENT DATA FOR THE PROBLM SHOULD BE READ IN AFTER t H i .s  CARD
CALL PR OB LM ( 4  )
C 1 0  CALL S E CO ND( T I ME )
1 0  CONTI NUE
C TEMPORARY DATA FOR THE PROBLM,  SUCH AS VARI ABLE C O E F F I C I E N T S  OR
C NEW PARAMETERS SHOULD BE READ IN AFTER " 'HIS  CARD
S T E P  = S I Z E
C THE ASSUMED I N I T I A L  VECTOR I S  READ "N A^ ^ ^ R  " 'HIS  CARD
C READ ( 5 , 2 )  ( X ( I ) ,  I  = 1 ,  NX)
C I F ( E O F , 1 0 ) 9 9 9 9 , 1 1
1 1 WRI TE ( 6 , 1  or.  )
C WRI TE ( 6 , 7 5 0 )
WRI TE ( 6 , 7 5 6 )  N X , N C , N I C , S I Z E , C O N V " R . - T M F
ETA = ( S^ ' E l ' 1  + ( XNX -  1 .
DO 4 .] -  I , MX
X ( J )  = X f j )  -  ETA
4 C O N T I N U E  
C AL L  S T ART
DO Q I = 1 .  N1
DO 9 J  = i ,  NX
X 2 ( T , J )  = X I ( I . J )
9 C O N T I N U E
DO 5 I = Ni  
I N -  1
DO 6 J  = I , N X  
6 X ( J )  = X 2 ( I , J )
C AL L  SUER
SR(l) = SCRT(sFQi)
I F ( S R ( l ) . L T . E D I T E R )  CO TO S 
C A L L  F E A S E L
I F ( F C L D .  LT.  1 . OE - OQ ) 0 0  TO 8 0  
8  C AL L  P R 0 B L M ( 5 )
F ( l )  = R ( K 9 )
5 C ONT I N U E
1 0 0 0  S T E P  = 0 . 0 5 * F D I F E R  
I C O N T  = I C O N T  + 1
S E L E C T  LARGEST VA LUE OF O B J E C T I V E  F U N C T I O N  FROM POLYHEDRON V E R T I C E S  
FH = F ( 1 )
LHI GH = 1
DO 1 6  I  = 2 ,  N1
I F ( F ( l ) . L T . FH)  g o  TO 16
FH = F ( l )
LHI GH = I
1 6  C ONT I NUE
S E L E C T  MI NI MUM VALUE 0 ^  O B J E C T I V E  F U N C T I O N  FROM POLYHEDRON V E R T T C F S  
4 1 F I. = F ( 1 )
LOW = 1
DO 1 7  I  = 2 ,  Ni  
I F ( F L .  LT.  F ( I  ) ) GO TO 1 7 
F L  = F ( I )
LOW = I
1 7  C ONT I NUE  . •
DO 8 6  J  = 1 ,  NX
8 6  X ( J )  = X 2 ( L 0 W , J )
I N = LOW
CAL L  SUMK
S R ( L O W)  = s o r t ( s e q l )
I F ( S R ( L O W ) . L T . F D I F E R )  GO TO 8 7  
I N F  = LOW 
C AL L  F E AS BI .
I F ( F O L D . L T . 1 . O E - 0 9 )  GO TO 8 0  ,
CAL L  P R O B L M ( s )
F ( L O W )  = R ( K 9 )
GO TO 41
8 7  CONT I NUE
F I N D  C E NT R OI D OF P O I N T S  WI TH I  D I F F E R E N T  ^HAN J.HTGH
DO 1 9  J  = 1 ,  NX ;
SUM2 = 0 .
DO 2 0  I = 1 , N 1  
2 0  SUM2 = SUM2 + X 2 ( l , J )
1 9  X 2 ( N 2 , J )  = 1 . / X N * ( S U M 2 - X 2 ( L H I G H , J ) )  I
SUM 2 = 0 .
DO ? 6  I = 1 .  NI
) 'A %
jM/ .
SUV 2  = SUM2 + f X 2 ( l , j )  -  X 2 f W 2 , J ) ) * * 2  
5 6  CONTI NUE
F D I F E R  = (NC + I W X  N 1 -  S OR T ( S UM 2  )
I E ( F : ' I  ER.  ? . " ^
F D I F E R  = KuJ.j)
GO TO 1 9 8  
9 8  FOLD = F D I F E R  
1 9 8  CONTI NUE
FTER = F( LOW)
1 5 7  NCONT = NCONT + 1
I F  ( NC ONT.  I T .  4 - NI  ) GO ? 0  S'?
I F (  I CONT.  I ' ^ .  1 5 0 0  ) GO f^'O 5 5 7  
FOLD = 0 . 5 * F 0 L D  
5 3 7  NCONT = 0  
P R I NT  55
P R I NT  7 5 8 ,  I CONT,  F DI F E R 
CALL V/RTTEX
I F (  ABS(PREVSvO-R ( K 9 )  ) . I T .  0 .  1 ) GOTO 9 9 9 9  
P R E V S Q = R ( K 9 )
MZCONT=MECOMT+i
I F ( M % C O M T . G T . r S T A G S )  GOTO 9 9 9 9  
5 7  I F C F D I F E R . I T . C O K V E R )  GO TO 81 
C SELECT SECOND LARGEST VALUE OF OB J E C T I V E  FUNCTI ON 
I FC L H I G H . E Q . 1 ) GO TO 4 5  
FS = F ( l )
LSEC = 1 
GO TO 44 
4 5  F S  = F ( 2 )
LSEC = 2 
4 4  DO 1 8  I  = 1 ,  N1 .
I F ( L H I G H . E Q . I )  GOTO 18  
I F ( F ( I ) . L T . F S )  GO TO 18 
F S  = F ( i )
LSEC = I  
1 8  CONTI NUE 
C REFLECT HIGH P OI NT  THROUGH CENTROI D
DO 61 J  = 1 ,  NX
X 2 ( N J , J )  = X 2 ( N 2 , J )  + A L F A * ( X 2 ( N 2 , J )  -  X 2 ( L H I G H , J ) )
61 X ( J ) .  = X 2 ( N 5 , J )
I N  = N5
C A I L  SUMR
S R ( N 5 )  = S O R T ( S E O L )
8 9  I F ( S R ( N 5 ) . L T . F D I F E R )  GO TO 8 2  
CALL FEAS BL
I F  ( FOLD. I T .  1 . O F - 0 9 )  GO TO 8 0  
8 2  CALL P R 0 B I M ( 5 )
F ( N 5 )  = R ( K 9 )
I F ( f O - î 5 )  . I T .  F(  LOW) ) GO ^ 0  8 4  
I F ( f O I 5 )  . LT.  F(  LSEC)  ) GO TO 92 
GO TO 6 0  
92  DO 9 5  J = 1 ,  NX 
9 5  X2 ( L H I G H , . ! )  = X 2 ( N ? , J )
S R ( L H I G H )  = S R ( U 5 )
F ( L H I G H )  = F ( N 5 )
GO TO 1 0 0 0
C EXPAND VECTOR 0 '^ SEARCH ALONG DI R E C T I O N THROUGH CEN" ' i K' ; D AND 
C REFLECTED VECTOR
8 4  DO 2 3  J  = 1 , NX
X 2 ( N 4 , J )  = X 2 ( N 3 , J )  + G A " 4 * ( X 2 (  -  X 2 ( N ^ , j " )
2 5 X ( J )  = X 2 ( N 4 , J )
S R ( % 4 )  = S 0 H T ( S E Q  J.)
I  F ( S R  (  N4 ) .  J.T . F D 1 F FR ) G O  ? n  ? r,
I N F  = M4 
C A J J  F F AS R J .
I F ( ? 0  LD. J T . I . 0 ^ - 0 Q ) GO mQ cQ
2 5  CALI ,  P R 0 M L M ( 5 )
F ( N 4 ) = R ( !4 9 )
I F ( F ( L 0 W ) . L T . F ( % 4 ) )  0 0  TO 92  
DO 2 6  J  = 1 , NX
2 6  X 2 ( L H I G H , J )  = X 2 ( M 4 , J )
F ( L H I G H )  = F ( N 4 )
S R ( L H I G H )  = S R ( N 4 )
GO TO I 0 0 0  
6 0  I F ( F ( N 5 ) . G T . F ( L H I G H ) )  GO TO 64 
DO 6 5  J  = 1 ,  NX
6 5  X 2 ( L H I G H , J )  = X 2 ( N 5 , T )
6 4  DO 6 6  J  = 1 ,  NX
X 2 ( N 4 , J )  = B F T A * X 2 ( L H I G H , J )  + ( l .  -  B E T A ) * X 2 ( N 2  J )
6 6  X ( J )  = X 2 ( N 4 , J )
I N = N4 
CALL SUIÎR
S R ( N 4 )  = S Q R T ( n F Q L )
T F ( S R ( N 4 ) . L T . F D I F F R )  GO TO 6 7  
I N F  = N4 
CAL L  F E AS B I .
I F ( F O I D .  I T .  1 . O E - 0 9  ) 0 0 TO PO
6 7 CAL L  PROBLM ( 5 )
F ( N 4 )  = R ( K 9 )
I F  ( L H I G H . G T . F ( H 4 ) )  GO TO 6 9  
n o  6Q J  = 1 , MX
DO 6 9  I  = 1 ,  M1
6 9  X 2 ( l , j )  = 0 . 5 * ( X 2 ( I , J )  + X 2 f L O W , J ) )
DO 7 0  I  = 1 , N 1
DO 71 J  = 1 ,  NX
71 X ( J )  = X 2 ( I , J )
I N = I
C A L L  SUMR
S R ( l )  = S O R T f S E O L )
I F ( S R ( i ) .  I T . F D I F E R )  GO TO 7 2  
I N F  = I  
C A L I  F E A S B I
I F ( F O I D .  I T . 1 . O E - 0  9 ) GO TO PO
7 2  C A L L  P H C B I M ( 3 )
7 0  F ( l )  = R ( K 9 )
GO TO 1 0 0 0
6P, DO 7 3  J  = 1 , NX
7 3  X 2 ( L H I G H , J )  = X 2 ( N 4 , J )
S R ( L H I G H )  = S R ( N 4 )
F ( L H I G H )  = F ( N 4 )
GO TO 1 0 0 0  
P i  P R I N T  7 6 0 , I C O N T ,  F D I F E R  
C A L I  WRI T EX 
C A I L  S E C O N D ( T I M E )
P R I N T  7 5 5 ,  T I ME  
P R I N T  76 1  
GO TO 1 0  
PO P R I N T  7 6 0 ,  I C O N T ,  F D I F E R
CAJ J
P R J N -  ^ 6 2  
CO VO lO
1 FC)K!!A T ( j  1 k ,  h i \ , .  , : : i , . .  , )
2 F O P M A ? ( P y i O .  r. )
3 5 F OJi'l A T ( /  , 4 OX , " 2 ;■' 2 2 ^ 2 2 2  " f' 2 2 2 2 2 2 r'' 2 '"■ 2
1 0 6  F 0 P X A 7 ( 1 M 1 , / / )
1 1 5  F O R M A T ^ / / ,  '  T P F  OTARTI KC VMCTOr n ^ U E C ^ F D  u s m  iM ' )
1 1 6  F 0 H M A V I P F 1 6 . 6 )
7 5 5  F O R M A T f / y ,  '  THE COMPUTATION TI ME g p o o % p s  = -  r - o  % \
7 5 6  F 0 R X A T ( / / , 1 0 X , '  HUMPFR OF I X D P P F F D F X ^  V A R T A ^ I F s '  " JO /  '
1 , '  NUMBER OF EQUALI TY CONSTRAI NTS ' , 1 3 , /  10Y
2 F  I NE QUAL I T Y CONSTRAI NTS , T 5 / , 1 0 X , 4 0 U  S T E P  O F * I N I T I A L
3HRDRUN , E 1 2 . 5 / , 1 0 X , 4 0 J :  THF DES I RED CONVERGENCE 12
4 , El  2 . 5 / ,  i OX , 40H "'HE COI ' PIIt a t j o h  TI ME IN SECONDS
5 , E 1 2 . 5 )
7 5 7  FORE AT ( / / ,  2  1 H "O'E IN IT  I A I- X VECTOR DOES NO? S A ^ I S ? Y  'T'I[F t  u t't. j  ^ j 
1LERANCE CRI TERTON )
7 5 8  FORMATf  y , i n x , 2 7 H  STAGE CALCULATI ON NU'T^^RR = t r  ?Q y  p ? , ;  mr
2RANCE C R I T E R I O N  = E 1 4 . 6 )
C 7 5 0  FORMAT( SOH
C 1 )
7 6 0  FORMAT( / / ,  SQH TOTAL NUMBER OF STAGES C A I C U L A T i o ^ S  = TO 1QX p c  
1THE CONVERGENCE LI MI T = El  4 . 6 )
761  F O R M A T C / / , 5 OX,  25H THESE ARE F I N A J  ANSWERS "i
7 6 2  F 0 R M A T ( / / , 5 O X , 2 9 H  THESE ARE NOT ETNA I ANSWERS )
7 6 )  F 0 R M A T ( / / , 1 0 X , 4 0 H  ^HE I N I T I A L  TOLERANCE C R I T E R I ON T2 r i ?  5  /
1 1 0 X , 4 0 H  THE SUE OF VI OLATED CONSTRAI NTS I S  E 1 2 . 5 )  ’ ’
7 6 4  FOR. ' A T ( /  /  , 7 0 H  '^HE VECTOJ? FOUND BY PROGRAi '  UHICi r  ^ A T T ^ r i r o  t '■
U A L  TOLERANCE I S  ) •• • - • - -
7 6 5  F 0 R M A T ( / ,  3 1 H s um OF VI OLATED CONSTRAI NTS = El  2  7 )
9 9 9 9  CONTI NUE
C
C
C
C
C
DO 9 9 9 8  1 = 1 , UNDP
WRI TE ( 6 , * )  y i L ( T ) , H A L ( l )
9 9 9 8  CONTI NUE 
V 1 = 3 . E - 5
C CALL PI  01 ( Z Z B , X , MN D P , E X P X 4 , VI )
C C A I L  P L 0 T ( Z % B , E X P X 4 , F N D P )
C
C
c
STOP
END
SUBROUTI NE F E AS P J
C
DI MENSI ON X f 3 0  ) , X 1 ( SO , 5 0  ) , X 2 ( 5 n  ^ 2D ) , P / 1 0 0   ^ . SUM ( TO I p ( o o )  0 1 7 ( 2 0 ' 
I R O J D ( I O O ) ,  R l ( i n o ) ,  R 2 ( 1 0 0 ) . R 3 ( 1 0 0 ^  ? J G ( i n )  u f q n i  
1 0 0  F 0 R M A T ( 9 E 1 6 . 6 )
C o m m o n / a  1 /X X , NC , NIC , s t e p  , d u n  l , du mp  , DUMX , i n  , i n f  , P D I ^  E!- . 2  - T J,, U 1 , r ?  
1 X 3 , F 4 , X B , K 6 , K V . K 8 , K n , X , X 1 , X 2 , R , S U M , ^ , S R , R O L D , S C A L ? , F o i D  S ] %E
C 0 M M 0 N / A 2 / L F F A S , I 5 , l 6 . T 7 , T P , f o , R i 4 , n 7 , , p 7 4
C OM r; 0 N /  A 3 / ’••' I J ( i O3 ) . H /, J ( i 0 3  ) , !'• y p p   ^ v p ,, -7)^ v 7  )
p E ^  : T p y ' '
J I l lHl fOUl ' lN' :  yiTAi;-'
D I ME N S I O N  A ( 5 0 . 3 0 )
D I M E N S I O N  X ( 5 0 )  , X 1 ( 5 0 , 5 0 ) , X 2 ( 5 0 , 5 0 ) , R ( 1 0 0 ) , S U M ( 5 0 ) , P ( 5 0 ) , S R ( 5 0 )
1 R 0 ; !' •; i Oi ; '
co:- : ;vo: , ' /A' i  / - ; x , n o  , n t c  , s t e p ,  a i f a  , b e t a  , o a m a , i m , i n f  , f d i f e r , s e o l ,  k i  v
1 K 5 , K 4 , K 5 , K6 , K 7 , K8 , K O , X , X I , X 2 , R , S UM, F , S R , R O I D , S C A L E , F O L D , S I Z E  
O O M M O N / A 2 / L F E A S , 1 5 , 1 6 , L 7 , 1 8 , I 9 , R 1 A , R 2 A , R 3 A  
C 0 M M 0 N / A 3 / W I I , (  1 0 5 ) ,  ÎIA J.( 1 0 5 ) ,  MNDP,  ZZP.( 1 0 5  , t  ( 1 0 5 , 7 )
VN = NX
S T KP 1  = S T E P / ( V N * S Q R T ( 2 .  ) ) * ( S 0 R ? ( V N  + i . )  + VN -  1 . )
S T E P 2 =  S T E P / ( V N * S 0 R " ' ( 2 .  ) ) * ( S 0 R T ( V N  + 1 . )  -  1 . )
DO 1 J  = 1 ,  NX 
1 A ( 1 , J )  = 0 .
DO 2 I  = 2 ,  KI
DO 4 J  = 1 ,  NX
4 A ( I , J )  = S T E P 2  
1 = 1 - 1  
A ( l , L )  = S T E P 1  
•: 2 C O N T I N U E
DO 3 I  = 1 ,  KI
DO 3 J  = 1 ,  NX
3 X I ( I , J )  = X ( J )  + A ( I , J )
RETURN
END
S U B R O U T I N E  WRI TEX
D I M E N S I O N  X ( 5 0 ) , X 1  ( 5 0 , 5 0 ) , X 2 ( 5 0 , 5 0 ) , R ( 1  0 0 ) , S UM( 5 0 ) , F ( 5 0 ) , S R ( 5 0 ) ,  
I R O L D ( I O O )
C 0 M M 0 N / A 1 / N X , N C , N I C , S T E P , A L F A , B E T A , G A M A , I N , I N F , F D I F E R , S E Q L , K I , K2 
1 K 3 , K 4 , K 5 , K 6 , K 7 , K 8 , K 9 , X , X 1 , X 2 ,  R , S U M , F , S R , R O I D , S C A L E , F O L D , S I Z E  
C 0 M M 0 N / A 2 / L F E A S ,  L5 , L6 , L 7 ,  1 8 ,  L9 , RI A , R2A , R3A 
C 0 M M 0 N / A 3 / W I L ( 1  0 5 ) , H A L ( 1  0 5 ) , M M D P , Z Z P ( 1 0 5 , 7 ) , Z Z A ( 1 0 5 , 7 )
C A L L  P R 0 B L M ( 3 )
P R I N T  1 ,  R ( K 9 )
1 F O R M A T ( / ,  2 8 H O B J E C T I V E  F U N C T I O N  VALUE = E l  7 . ? )
P R I N T  2 ,  ( X ( J ) ,  J  = 1 , NX)
2 F 0 R M A T ( / ,  '  t h e  IN D E P E N D E N T  VECTORS  A R E '  / ( 6 E 1 7 . 7 ) )
I F (  N C . E Q . O )  GO TO 6 
C A L L  P R O B L M ( l )
P R I N T  3 ,  ( R ( J ) ,  J  = 1 ,  NC)  ■ ■
3 F O R M A T ( / ,  3 6 H THE E Q U A L I T Y  C O N S T R A I N T  VALUES ARE / ( 6 E 1 7 . 7 ) )
6 I F  ( N I C . E Q . O )  GO TO 5
CZM CAL L  P R 0 B L M ( 2 )
CZH P R I N T  4 , ( R ( J ) ,  J  = K 7 , K 6 )
CZM 4 F O R M A T ( / ,  3 4 H THE I N E Q U A L I T Y  C O N S T R A I N T  VALUES / ( 6 E 1 7 . 7 ) )
5 RETURN 
END
S U B R O U T I N E  SUMR
C
C * * * * * T H I S  S U B R O U T I N E  COMPUTES THE SUM OF THE SQUARE VALUES  OF THE 
C V I O L A T E D  C O N S T R A I N T S  I N  ORDER TO RE COMPARED WI TH THE T OL E R ANC E
C C R I T E R I O N
C
D I ME N S I O N  X ( 5 0 ) , X 1  ( 5 0 , 5 0 ) , X2 ( 5 0 , 5 0 ) , R ( 1 q q ) , S U M ( 5 0 ) , F ( 5 0 ) , S R ( 5 0  ) ,
1 R O J D ( 1 0 0 ) ......................
C 0 M M 0 N / A 1 / N X , N C , N I C , S T E P , A L F A , B E T A , G A M A , I N , I N F , ? D I F E R , S E Q L .  KI , K2 ,  
1 K 3 , K 4 , K 5 , K6 , K 7 , K B , K 9  , X , XI , X 2 , R , S U M, F , S R , R O L D , S C A L E , F O L D , S I Z E  
C 0 H M 0 K / A 2 / L F R A S ,  L5 , 1 6 ,  L7 , LB,  LQ , R 1 A , R2A , R3A 
C 0 M M 0 N / A 3 / W T L ( 1 0 5 ) , H A L ( 1 0 5 ) , U N D P , Z Z P ( 1 0 5 , 7 ) , Z Z A ( 1 0 5  7 )
S U M ( I N )  = 0 .
C AL L  P R 0 B L M ( 2 )
  S EQ L = O .
I F ( H I C . K O . 0 )  GO TO A 
DO 1 J  = K7 ,  KB 
I F ( R ( J ) . GK . 0 . )  GO TO 1 
S EQL = S E O L  + R ( j ) * R f j )
1 CONTI NUE
4 I F ( I C . K Q . O )  g o  t o  3 
CALI  P R 0 B I . M( 1 )
DO 2 J  = 1 , NC
2 S E Q L  = S E O L  + R ( j ) * R f j )
3 S U M ( I N )  = S E Q L  .
5 RETURN 
END
SUBROUTI NE PROBLM ( I N Q )
^ 5 0 . ' 5 0 ) . X 2 ( 5 0 , 5 0 P n ( l O O ) , s m : ( 5 0 ) , ? ( 5 0 ) , f 5 R f 5 0 )
DIM EN SION P V E C C ( 1 0 5 )
GOTO ( 1 , 2 , 3 , 4 ) , INQ
4 READ ( 5 , * )  MNDP, NCOL
READ ( 5 , * )  ( ( Z Z A ( I ,  J ) , J  = 1 , R C 0 I . ) , I  = 1 . MNDP)  
DO 5 0  1 = 1 , UNDP 
DO 5 0  J  = 1 , N C 0 L  
5 0  Z Z B ( I , J ) = Z Z A ( I , J )
GOTO 5
1 GOTO 5
C 
. 0
0  
C
2 GOTO 5
C 2 DO 4 0  1 = 1 , NX
C J = N X + I
CC R ( J ) = 1 0 . - X ( I )
C 4 0  r C i ) = X ( i ) - 1 . O E - 2  
C I - N X + N X + 1
C GOTO 5
C 
C
3 CONTI NUE
DO 6 0  I = 1 , M N D P  
CALL P U N I ( I , F F )
f v e c c ( i ) = f f
6 0  CONTI NUE 
F C = 0 .
DO 7 0  1 = 1 , MNDP 
7 0  F C = F C + F V E C C ( l ) * F V E C C r i )  
C WRI TE ( 6 , * )  FC
CONTI NUE 
J = N I C + I  
R ( J ) = F C  
5 RETURN 
END
S U B R O U T I N E  P U N I ( l , F ? )
D I M E N S I O N  X ( 5 0 } , X l ( 5 0 , 5 0 ) , ' : 2 ( 5 ' , r , \ , ; X i u o ) , S U M ( 5 0 ) , F ( 5 0 ) , S R f 5 n )  
1 R O J D ( I O O )
C 0 M N 0 N / A 1 / N X , N C , N I C , S T E P , A L F A , B E T A , CAP A, I N , I N F , F D I F E R , S E Q L , KI , K 
1 K 3 , K 4 , K 5 , K 6 , K 7 , K B , K 9 , X , X 1  , X 2 , R , S U M , F , S R , R O L D , S C A L E , F O L D , S I Z E  
C 0 K M 0 N / A 2 / L F E A S ,  1.5, L 6 ,  L 7 , 1 8 ,  L Q , R 1 A , R 2 A , R 3 A  
C 0 % N 0 N / A 3 / W I L ( 1  0 5  ) , BA I.( 1 0 5 )  , K N D P , Z Z B ( l  0 5 , 7 )  , Z Z A ( 1  0 5 , 7 )
C
C * * * * * * * * * * * * * * *  D F P I U E  PRO BL E M HERE * * * * * * * * *  
P 0 I = X ( 1 ) * Z Z A ( I , 6 ) + X ( 2 ) * Z Z A ( I , 6 ) * * 2 + X ( 3 )
W I L ( I ) - E X P ( Z Z A ( I , 1 ) * ( Z Z A ( I , 3 ) / Z Z A ( I , 2 ) ) )
H A L ( I ) = Z Z A ( I , 4 ) / ( Z Z A ( I , 5 ) * P 0 I )
W T L ( T )  = 1 . / U I L ( I )
H A L ( I )  = 1 . / H A I ( I )  
F F = W I L ( I ) - H A L ( I )
RETURN
END
